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1.0  SUMMARY 


1.1  Task  I 


This  report  summarizes  the  Task  I  accomplishments  as  required  by  contract 
DA  44-177-AMC-25(t)  and  reported  in  Hiller  Aircraft  Company,  Reports 
No.  64-U2  through  64-50  (see  Reference  1  -  9).  Task  I,  as  defined  in  the 
work  statement  of  the  subject  contract,  requires  the  completion  of  a 
rotor  system  parametric  design  study  and  a  rotor  system  preliminary  design 
(with  appropriate  design  studies)  for  a  heavy-lift  tip  turbojet  system 
which  will  meet  the  following  mission  requirements  and  design  objectives: 

Mission  Description 

a)  Bayload  (outbound)  -  12  tons 

b)  Radius  -  50  nautical  miles 

c)  Cruising  speed- (i)  outbound,  60  knots;  (ii)  inbound  (no  payload)  - 
100  knots 

d)  Take-off  and  destination  elevation  -  sea  level 

e)  Cruising  altitude  -  sea  level 

f )  Atmospheric  condition  -  sea  level,  standard  atmosphere 

g)  Hovering  time  (out-of -ground  effect)  -  (i)  at  take-off,  3  minutes; 

(ii)  at  destination,  2  minutes 

h)  Reserve  fuel  (percent  initial  fuel)  -  10  percent 

i)  Hovering  capability  -  (i)  altitude,  6000  feet,  (ii)  temperature, 

95°F. 

Design  Objectives 

a)  Design  gross  weight  -  60,000  -  80,000  pounds 

b)  Design  maximum  speed  -  12p  miles  per  hour 

c)  Minimum  flight  load  factor  +2.5  and  -  0.5 

d)  Rotor  tip  environment  -  235g 

1.2  Task  II 


Task  II  of  the  subject  contract  requires  an  analysis  and  design  of  such 
modifications  as  may  be  required  to  permit  satisfactory  continuous  opera¬ 
tion  of  the  Continental  (CAE)  Model  357-1  (Modified  J69-T-29)  engine  in 
a  helicopter  rotor  tip  environment.  A  summary  of  the  accomplishments 
under  this  task  may  be  found  in  Continental  Aviation  and  Engineering 
Corporation  Reports  942,  9^3*  and  CAE  Engine  Specification  No.  2253* 

(See  References  17  -  19 )• 
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-.0  CONCLUSIONS 


2.1  Parametric  Design  Study 

2.1.1  Structural  and  Dynamic  Limitations 

Previous  parametric  design  studies  ior  helicopters  with  conventional  rotors 
have  consistently  produced  optimum  configurations  which  consist  of  rotor 
blades  with  aspect  ratios  (radius /chord '  of  18-22.  Thus,  it  was  con¬ 
sidered  appropriate,  prior  to  conducting  the  parametric  study,  to  examine 
aspect  ratio  limits  which  might  be  imposed  by  the  unconventional  high 
tip  weight  concentrated  at  the  rotor  tip.  Both  static  deflection  and 
fundamental  in-plane  frequency  requirements  were  examined  in  this  regard. 

The  requirements  for  rotor  static  droop,  not  to  exceed  10  percent  of  rotor 
radius,  and  for  the  fundamental  rotating  in-plane  frequency  (uncoupled), 
not  to  be  less  than  1.3  times  normal  operating  speed,  both  produce  a  maxi¬ 
mum  allowable  aspect  ratio  range  of  9-H;  the  range  depends  on  rotor 
radius  and  tip  weight -to-blade  weight  ratios.  However,  since  the  rotor 
blades  optimized  at  aspect  ratios  less  than  9,  the  static  droop  and  in¬ 
plane  frequency  requirements  did  not,  in  fact,  impose  additional  con¬ 
straints  on  the  study. 

2.1.2  Optimum  Configuration  and  Design  Parameters 
2. 1.2.1  Optimum  Helicopter  with  Generalized  Engines 

Within  the  scope  of  the  parametric  design  study,  the  optimum  helicopter 
was  found  to  be  one  which  utilized  the  minimum  number  of  blades  and 
engines . 

Considering  the  two  airframe  configurations  (i.e.,  crane  and  transport), 
both  with  identical  rotor  configurations  and  engine  arrangements,  the 
crane  fuselage  with  external  cargo  was  found  to  result  in  a  lower  gross 
weight  than  the  transport  fuselage  with  internal  cargo. 

Since  an  articulated  rotor  was  found  to  be  inappropriate  for  tip  turbo¬ 
jet  application  due  to  engine-out  unbalance  condition  (see  Reference  6) 
and  in  consideration  of  the  fact  that  the  means  (root  spring  restraint) 
of  providing  additional  control  power  to  a  universally  mounted  rotor  are 
not  applicable  to  a  two-blade  rotor  (see  Reference  9)>  the  optimum 
(gross  weight  =  63,200  pounds )  helicopter  configuration  was  thus  determined 
to  consist  of: 

a)  A  three-blade,  55‘83-f°°t-radius,  universally  mounted  rotor. 

b)  A  single-engine  installation  at  each  blade  tip. 

c)  A  crane- type  fuselage. 

The  values  of  the  design  parameters  for  this  configuration  are  presented 
in  Table  3  of  Section  3*0  of  this  volume. 


2. 1.2. 2  Optimum  Parameters  for  Particular  Configurations 


The  effect  of  conf ipurat l  r.  I inum  gro:.-.  wc  ■vn  'n  Table  T 

of  Section  3>0-  If  is  concluded  that  the  <rr  weight  Increased  with 
the  following  ascending  order  of  engine  arrangements . 

a)  Single  engine  per  blade  (minimum  number  of  blades)  -  lowest  gross 
weight ) . 

b)  Side-by-side  engine  arrangement  (minimum  number  of  blades)  two  engines 
per  blade. 

c)  Over-under  engine  arrangement,  two  engines  per  blade  -  highest 
gross  weight. 

2.1.2. 3  Optimum  Helicopter  With  CAE  357-1  Engine 

With  the  present  limit  on  the  rotor  tip  centrifugal  force  environment  of 
235g>  a  rotor  having  three  blades,  a  55« 8-foot  radius,  over-under 
engines  (six),  and  crane-type  fuselage  is  the  optimum  (minimum  gross 
weight  of  64,250  pounds)  configuration  which  utilized  the  CAE  357-1 
engine.  This  model  is  referred  to  as  the  1119.  However,  the  357-1 
engine  must  be  available  with  a  military,  static-sea-level-thrust  rating 
of  1,900  pounds  which  is  an  11.8  percent  growth  of  the  357-1  engine 
version  considered  by  Continental  Aviation  and  Engineering  Corp.  in  Task 
II  of  this  study. 

A  four-blade,  eight-engine,  rotor  configuration  with  a  gross  weight  of 
72,104  pounds  is  required  to  meet  the  mission  requirements  and  the  hot 
day  hover  requirements  (6,000  feet,  95°  F. )  with  a  1,700-pound,  static- 
sea-level  rating  for  the  357-1  engine.  This  model  is  referred  to  as  1108. 

A  complete  listing  of  the  component  weights  and  design  parameters  of 
the  above  three-  and  four-blade  configurations  is  presented  in  Table  4 
of  Section  3*°  of  this  volume. 

2.1.3  Nonoptimum  and  Nonlimited  Configurations 
2. 1.3.1  Weight  Penalties 

Reference  1  indicated  that  for  the  generalized  engine  parametric  study 
the  optimum  configuration  is  three  blades  and  three  engines  with  a  crane- 
type  fuselage.  The  following  penalties  result  from  using  engine  arrange¬ 
ments  other  than  the  optimum,  depending  on  the  number  of  blades  and  the 
condition  being  considered. 

Single  engine  per  blade  ......  no  weight  penalty 

Side-by-side  engine  arrangement  ,  ,  1,900  to  3>^00  pounds 
Over-under  engine  arrangement  .  .  .  3>080  to  4,800  pounds 

The  greatest  percentage  of  the  penalty  is  fuel  weight  since  the  primary 
effect  of  using  the  nonoptimum  configurations  is  to  increase  the 
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nacelle  drag.  It  is  also  possible  to  observe  the  differences  in  the  use 
of  the  nonoptimum  number  of  blades  (Reference  1)  and  to  determine  the 
range  of  these  values  from  Table  2  as  follows: 


IVo  blades  .  3*000-  to  6,400-pound  decrease 

Three  blades . no  weight  penalty 

Four  blades  .  3*700-  to  7,850-pound  penalty 


The  weight  penalties  for  more  blades  than  optimum  are  compounded  from 
fuel  weight  for  the  additional  drag  of  the  blade  profile,  the  nacelles, 
and  the  weight  of  the  additional  blade. 

Use  of  the  transport  fuselage  with  internal  cargo  results  in  a  weight 
penalty  as  discussed  in  Reference  1  as  follows: 

Crane-type  fuselage  .  .  no  weight  penalty 

Transport- type  fuselage.  1,000-  to  1,700-pound  weight  penalty 

2. 1.3.2  Effects  of  Engine-Rotor  Tip  "g"  Field 

Results  of  the  parametric  design  study  indicate  that  configuration  gross 
weight  varies  inversely  with  rotor  tip  acceleration.  This  variation  is 
shown  in  Reference  1  (Volume  II ),  which  indicates  that  configuration 
gross  weight  continues  to  decrease  up  to  a  limiting  value  of  rotor  tip 
"g",  at  which  point  the  advancing  blade  compressibility  limit  occurs. 

2.1. 3*3  Changing  Rotor  Lift  Coefficient  and/or  Tip  Speed  Ranges 

It  does  not  appear  that  changing  the  upper  limit  of  the  design  rotor  mean 
lift  coefficient,  ^Lr0,  range  would  be  of  any  significant  benefit,  since 
only  small  reductions  in  gross  weight  may  be  obtained  above  a  ^r0  of  0-50, 
which  is  the  maximum  value  considered  acceptable.  For  the  optimum  three- 
blade  configurations,  the  design  rotor  mean  lift  coefficients  all  occur 
between  .375  and  .50.  Reducing  the  lower  limit  on  the  hover  tip  speed 
for  235g  tip  acceleration  limit,  to  598  feet  per  second  would  realize  a 
reduction  of  ^,h00  pounds  for  the  optimum  three-blade,  three-engine  con¬ 
figuration.  A  lower  limit  on  the  tip  speed  of  565  feet  per  second  would 
be  necessary  to  take  maximum  benefit  of  the  weight  reduction  indicated 
for  the  four-blade  configurations. 

Increasing  the  upper  limit  on  tip  speed  would  not  appear  to  be  desirable 
since  the  rotor  is  presently  limited  to  7^3  feet  per  second  tip  speed  by 
advancing  blade  compressibility  at  125  miles  per  hour.  However,  increasing 
the  hover  tip  speed  and  tip  acceleration  limit  would  allow  the  hover 
requirement  at  6,000  feet,  95°  F.  to  be  met  with  a  smaller  engine  for  a 
given  rotor  radius;  but  the  forward  flight  tip  speed  would  have  to  be 
limited  to  7^3  feet  per  second  or  less. 
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2.1.4  In-Flight  Engine  Shutdown  foi  Reduced  Fuel  Consumption 


While  not  included  as  an  integral  portion  of  the  parametric  design  study, 
the  effects  of  engine  shutdown  in  cruise  on  fuel  consumption  were 
studied  for  the  Model  1108.  Effects  of  engine  cold  drag  on  power  required 
were  combined  with  the  effects  of  increased  operating  power  level  (per 
engine)  on  specific  fuel  consumption.  The  resulting  net  effect  was  a 
better  than  three  percent  reduction  in  required  fuel  per  nonoperating 
engine  without  provisions  for  fairing  to  minimize  cold  drag. 

2.2  Design  Layout  Studies 

2.2.1  State -of -the- Art  Feasibility 

Development  of  a  heavy-lift  tip  turbojet  helicopter  of  60,000  to  80,000 
pounds  gross  weight  is  concluded  to  be  within  the  state-of-the-art  of 
all  technologies  associated  with  the  design  and  fabrication  of  a  rotor- 
craft  of  this  type. 

Conventional  flight  controls  which  utilize  hydraulic  boost  cylinders  are 
employed  on  the  Model  1108  helicopter;  the  rotor  suspension  is  a  standard 
universal  mounting  system;  all  design  aspects  of  the  electrical  system, 
including  rotor  tip  located  components,  sure  considered  to  be  basically 
conventional  and  require  minimum  development  programs;  and  the  attachment 
of  the  turbojet  engines  and  nacelles  to  the  rotor  tips  requires  only  the 
application  of  current  structural  design  techniques. 

2.2.2  Design  Features 

While  severed,  different  rotor  suspension  systems  were  studied,  it  was 
concluded  that  the  most  desirable  (i.e.,  weight,  cost,  maintainability, 
etc. )  configuration  employed  a  simple  full  gimbal  support  system. 

Design  studies  indicate  (see  Section  4.0)  that  a  hollow  rotor  mast  can 
be  designed  to  accommodate  the  transfer  of  system  fluids  and  electrical 
power  from  the  stationary  airframe  to  the  rotating  engines,  this  design 
being  compatible  with  the  dynamic  and  structured,  support  requirements  of 
the  rotor.  These  design  studies  further  indicated  that  it  is  practical 
and,  in  fact,  preferable  to  store  all  fluids  and  to  originate  all  elec¬ 
trical  power  in  the  fuselage,  and  to  transfer  these  to  the  rotor  mast  and 
rotor  blades  by  a  system  of  rotating  manifolds,  swivels,  and  slip  rings. 

Studies  of  primary  and  secondary  power  sources  for  tail  rotor,  electrical, 
hydraulic,  and  accessory  requirements  indicate  that  the  optimum  design 
(minimum  weight)  is  accomplished  by  employing  an  auxiliary  power  unit 
and  providing  a  small  mast-driven  gearbox. 
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The  optimum  power  plant  configuration,  from  an  installation  point  of 
view,  is  quite  evidently  a  single-engine  nacelle.  For  twin-engine  tip 
Installations,  the  cver-under  ccnf iguration  is  superior  to  the  side-by- 
side  configuration  as  regards  structural  design,  electrical  and  fuel 
line  installation. 

2.2.3  Power  Management  Studies 

Studies  of  the  power  management  requirements  of  a  multiengine  heavy- 
lift  tip  turbojet  rotor  system  conclude  that  such  a  system  should  be 
optionally  manual  or  automatic,  should  include  fail-safe  and  back-up 
features  for  all  its  functions,  and  that  the  required  design  is  well 
within  available  equipment  state-of-the-art. 

2.2.4  Materials 

Design/Dynamics  studies  indicate  that  'rctor  blade  structural  requirements 
are  established  by  in-plane  and  out-cf -plane  frequency  criteria,  and 
not  by  centrifugal  restraint  of  the  blade-engine  combination  of  bending 
considerations.  Thus,  high  stiffness -to-weight  ratio  materials  are 
sought  for  optimum  design,  Structural  design  studies  conclude  that 
extensive  use  of  titanium  alleys  in  the  rotor  blades,  hut,  and  mast  will 
yield  the  required  structure  for  minimum  weight  consistent  with  the 
dynamic  criteria  and  the  requirements  for  high  endurance  limits  and 
corrosion  resistance. 

2. 3  Static  and  Dynamic  Loads 

An  investigation  was  conducted  to  determine  the  loading  conditions  that 
would  produce  the  critical  design  loads  for  the  tip  turbojet  rotor  system. 
The  investigation  includes  all  of  the  possible  design  loading  conditions 
and  presents  either  analytically  or  graphically  the  magnitude  of  these 
loads.  The  following  conclusions  pertain  to  the  relative  importance  of 
the  different  static  ar.d  dynamic  leading  conditions. 

2.3*1  Critical  Static  Design  Loads 

2. 3*1*1  Centrifugal  Load 

The  critical  centrifugal  limit  loading  for  the  rotor  system  is  due  to  a 
rotor  speed  Of  105  percent  of  the  design  maximum  speed  (650  feet  per 
second).  The  critical  centrifugal  limit  loading  for  the  rotor  system 
attachments  is  due  to  a  rotor  speed  of  125  percent  of  the  design  maximum 
speed. 

2. 3*1*2  Fotor  Blade  Torque 

Design  torque  for  the  rotor  blade  is  a  nose  down  torque.  This  is  due 
primarily  to  the  gyroscopic  moment  caused  by  the  tip  engines.  For  the 
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maximum  limit  design  torque  condition,  three  conditions  are  combined 
giving  a  conservative  loading.  These  conditions  include  tip  engine  gyro* 
scopic  moment,  rigid  coning  torque,  and  centrifugal  centering  torque. 

2. 3*  1*3  Aerodynamic  Loading 

The  rotor  blade  airloads  were  analyzed  using  Cornell  Aeronautical  Labora¬ 
tory  (CAL)  airload  program.  This  program  produces  the  steady  plus  first 
through  seventh  harmonic  alternating  lift  and  drag  airloads.  An  iterative 
procedure  was  necessary  to  obtain  the  proper  steady  airload,  which  corre¬ 
sponds  with  the  proper  thrust  for  different  flight  conditions.  The  inflow 
distribution  and  collective  pitch  were  the  two  inputs  changed  for  the 
iterative  process. 

2.3*l*k  Flapwise  Bending  Moments 

The  2«5g  pullup  is  the  condition  which  yields  the  largest  steady  bending 
moment  in  combination  with  its  complement  of  harmonic  moments .  The  lg 
forward  flight  conditions  yield  the  harmonic  bending  moments  of  the 
longest  duration  (i.e.,  for  fatigue  considerations).  The  -0. 5g  hover 
condition  produces  the  largest  negative  in-flight  bending  moment  at  the 
root  of  the  blade  while  negative  static  droop  moments  are  critical  at 
blade  sections  outboard  of  the  root  retention. 

2. 3* 1.5  Chordwise  Bending  Moments 

The  largest  steady  chordwise  bending  moment  occurs  with  two  engines 
inoperative.  Only  the  flight  conditions  which  produce  the  maximum 
harmonic  chordwise  coupled  bending  moments  were  presented  in  the  design 
loads  report.  These  steady  and  harmonic  chordwise  loads  are  combined  to 
produce  a  conservative  design  condition. 

2.3*2  Itynamic  (Transient)  Design  Loads 

2. 3*2.1  Gust 

Gust  load  factors  were  derived  by  two  separate  methods.  First,  consider¬ 
ing  the  rotor  blades  to  be  rigid  and  treating  the  hovering  rotor  as 
having  undergone  an  instantaneous  change  in  inflow  equal  to  the  gust 
velocity.  Second,  considering  the  rotor  blade  to  be  flexible  and  using 
the  direct  analog  computer  simulation  method  (Reference  3)*  Considering 
the  blade  as  rigid  gives  a  load  factor  greater  than  the  design  maximum 
of  2.5g  while  consideration  of  the  flexible  blade  reduces  the  load 
factor  to  2.258*  The  rigid  rotor  analysis  is  considered  to  be  too  con¬ 
servative  and  therefore  the  analog  computer  simulation  of  the  flexible 
blade  will  be  used  for  design  loading. 

2. 3*2.2  Cyclic  Pitch  Transient 

The  direct  analog  computer  studies  simulated  a  whirling  of  the  cyclic 
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stick  at  a  critical  frequency  which  is  considered  to  be  within  the 
pilot’s  capability.  This  condition  results  in  the  maximum  positive  and 
negative  chordwise  bending  moments. 

2. 3-2- 3  Collective  Pitch  Transient 

An  exponential  collective  pitch  input  of  0.01  radian  was  used  to  deter¬ 
mine  the  blade  response  using  the  direct  analog  computer.  The  transient 
collective  pitch  in-plane  bending  moment  is  less  than  that  resulting 
from  the  transient  cyclic  pitch  condition.  The  pitching  (torsional) 
deflection  at  the  tip  is  similar  in  character  to  the  flapwise  deflection 
curve  insofar  as  there  is  no  transient  overshoot  from  the  initial  tip 
angle  to  the  final  steady- state  value.  Therefore,  the  transient  torsional 
moments  on  the  blade  will  be  noncritical  for  the  collective  pitch  input 
condition. 

2. 3*2.4  Eynam:.c  Tip  Environment 

The  maximum  g  loadings  at  the  tip  occur  during  a  forward  flight  condition, 
and  a  40-foot-per-second  gust  during  hover.  This  tip  acceleration  environ¬ 
ment  was  determined  by  considering  the  second  harmonic  motion  of  the 
blade  and  the  deflection  at  the  tip,  then  differentiating  the  motion 
twice  to  produce  acceleration. 

2.4  Structural  Analysis 

A  static  and  fatigue  stress  analysis  was  conducted  for  the  Model  1108 
rotor  system  utilizing  the  static  and  dynamic  loads  which  were  developed 
in  Reference  3*  The  following  conclusions  pertain  to  the  primary 
structural  components  of  the  rotor  system  and  indicate  which  of  the 
various  loading  conditions  are  design- critical. 

2.4.1  Component  Critical  Static  Design  Conditions 

2. 4. 1.1  Engine  Mount  System  and  Attachment 

The  critical  engine  mount  system  ana  attachment  loading  occurs  during 
the  rotor  limit  speed  condition,  and  during  the  rotor  overspeed  opera¬ 
tion,  both-engines -operating  condition.  The  critical  engine  mount  areas 
are  the  attachment  bolts  and  lugs  and  the  heat  expansion  fitting. 

2. 4. 1.2  Main  Rotor  Blade  Tip  and  Attachments 

The  critical  main  rotor  blade  tip  and  attachments  loading  occurs  during 
the  rotor  limit  speed  condition,  and  during  the  rotor  overspeed  operation, 
two  engines  condition.  Hie  critical  areas  are  the  attachment  lugs. 
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2.4.1. 3  Main  Rotor  Blade  Typical  Section 

The  critical  main  rotor  blade  typical  section  is  at  rotor  station  170.00 
during  the  static  droop  condition  due  to  compressive  buckling  stress. 

2. 4. 1.4  Main  Rotor  Blade  Root  Retention  Structure 

The  critical  main  rotor  blade  root  retention  structure  loading  occurs 
during  the  rotor  limit  speed  condition.  The  critical  areas  are  the 
tens ion- tors ion  strap  and  its  retention  bolt. 

2.4.1. 5  Stub  Blede  and  Retention 

The  critical  stub  blade  loading  occurs  during  the  transient  cyclic  stick 
whirl  condition.  The  adjustable  link  attachment  lug  is  critical. 

2. 4. 1.6  Mai  Rotor  Hub  Assembly 

The  critical  main  rotor  hub  assembly  loading  occurs  during  forward  flight, 
41  miles  per  hour;  2.5g's,  562  feet  per  second  tip  velocity  condition. 

The  critical  hub  areas  are  the  blade  retention  lugs  and  pins. 

2. 4. 1.7  Gtmbal  and  Attachments 

The  critical  gimbal  and  attachments  loading  occurs  during  the  2.5g's 
loading  condition.  The  critical  areas  sure  the  bearings  and  Section 
17-17  as  defined  on  page  87  of  Reference  4. 

2. 4. 1.8  Restraint  Spring  Assembly 

The  outside  spring  fiber  stress  is  critical. 

2.4.1. 9  Static  Margins  of  Safety 

A  summary  of  the  critical  static  margins  of  safety  is  presented  in  tabu¬ 
lar  fonn  on  page  5  of  Reference  4. 

2.4.2  Component  Critical  Fatigue  Design  Conditions 

The  "stop-start"  cycle  produces  the  critical  main  rotor  system  fatigue 
design  conditions.  The  rotor  components  which  experience  service  life 
limiting  stresses  during  this  cycle  are  the  engine-to-mount  attachment 
bolts,  pins,  and  lugs,  and  the  tens  ion- tors ion  strap  assembly. 

The  alternating  stresses  developed  during  a  steady-state,  in-trim,  normal 
flight  condition  are  below  the  rotor  system  component  material  endurance 
limit  and  nondamaging. 
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2.5  Dynamic,  and  Aeroeiastie  Studies 


The  dynamic  and  aeroeiastie  behavior  of  the  four-bladed,  universally 
mounted  teetering  rotor  system  proposed  for  the  heavy-lift  tip  turbojet 
helicopter  is  discussed  and  evaluated  in  Reference  4.  Conclusions 
concerning  the  dynamic  adequacy  of  the  rotor  system  are  outlined  in  the 
following  paragraphs  for  all  phases  of  the  dynamic  investigations. 

2.5.1  Uncoupled  and  Coupled  Rotor  Blade  Frequencies 

A  comparison  of  uncoupled  and  coupled  rotor  blade  frequencies,  calculated 
using  independent  methods,  indicates  that  flapwise  frequencies  can  be 
satisfactorily  approximated  using  an  uncoupled  model  of  the  rotor  blade 
whereas  coupling  has  a  more  pronounced  effect  on  in-plane  frequencies. 

The  frequency  of  primary  interest  from  both  a  loading  and  dynamic  point 
of  view  is  the  first  cyclic  in-plane  frequency.  The  f lapwise/in-plane 
coupling  increases  with  collective  pitch  to  reduce  this  first  in-plane 
frequency  by  16  percent  from  minimum  to  maximum  collective  pitch  settings. 

The  natural  frequency  study  presented  in  Reference  1  shows  that  the  first 
six  coupled  cyclic  and  collective  modes  avoid  resonance  with  their 
respective  airload  excitation  harmonics  throughout  the  collective  pitch 
range. 


2.5.2  Periodic  Engine  Thrust 


The  thrust  of  the  tip  engines  will  vary  periodically  with  rotor  azimuth 
position  for  all  helicopter  flight  conditions  except  hover  and  vertical 
flight.  The  magnitude  and  phasing  of  this  thrust  variation  will  depend 
largely  upon  the  engine-governor  dynamics,  which  have  not  been  thoroughly 
investigated  at  this  time.  The  quantitative  effect  of  engine  inlet 
velocity  changes  on  the  engine  alone  is  to  change  the  engine  thrust  by  a 
much  smaller  amount  than  the  periodic  variation  of  engine  nacelle  drag, 
and  so  the  thrust  variation  should  not  be  of  primary  concern. 

2.5.3  Vibrations  Resulting  From  One  Engine  Inoperative 

The  loss  of  one  engine  in  flight  would  cause  an  in-plane  circular  motion 
of  the  rotor  system  and  an  out-of-track  condition.  The  in-plane  motion 
at  one  cycle  per  rotor  revolution  would  result  from  a  rotor  system  center 
of  gravity  movement  away  from  the  centerline  of  rotation  due  to  unsym- 
metrical  in-plane  bending  of  the  four  blades.  The  rotating  load  due  to 
this  center  of  gravity  displacement  is  in  phase  with  the  rotating  un¬ 
balanced  engine  thrust  vector.  Analytical  studies  performed  in  References 
b  and  6  indicate  that  the  net  load  for  a  hover  condition  at  design  gross 
weight  will  be  between  1,000  and  2,300 pounds  for  one  or  two  ehgines  out. 
This  is  a  small  load  when  compared  with  the  gross  weight  of  the  aircraft. 
With  an  adequate  rotor  isolation  system, this  rotating  force  should  be 
virtually  unfelt  in  the  fuselage. 


An  out-of-track  condition  would  result  from  a  pitch  angle  change  on  only 
the  one  blade  supporting  the  inoperative  engine.  Analytical  studies 
performed  in  Reference  4  indicate  that  the  helicopter  roughness  which 
would  result,  however,  is  not  expected  to  be  more  severe  than  that  caused 
by  occasional  out-of-track  conditions  for  smaller  helicopters. 

2.5*4  Mechanical  Instability 

Ground  resonance,  which  is  caused  by  a  first  cyclic  in-plane  natural 
frequency  which  is  less  than  one  cycle  per  rotor  revolution,  will  be 
avoided  with  the  proposed  helicopter  by  designing  the  rotor  blades  to 
have  a  first  cyclic  in-plane  frequency  well  above  one  cycle  per  revolu¬ 
tion.  Increasing  collective  pitch  tends  to  lower  this  frequency  due  to 
flapwise/in-plane  coupling  and  so  design  steps  have  been  taken  to  assure 
a  frequency  margin  throughout  the  collective  pitch  range.  The  influence 
of  the  engine  rotating  parts  is  shown  to  have  negligible  effect  upon  this 
frequency. 

2.5.5  Torsional  Divergence 

The  prospective  location  of  the  rotor  blade  shear  center  ahead  of  the 
rotor  section  center  of  pressure  produces  a  design  in  which  the  pure 
torsional  divergence  problem  is  nonexistent.  The  torsional  stiffnesses 
of  the  proposed  rotor  blade  and  root  control  spring,  however,  are  large 
enough  that  the  divergence  tip  speed  would  be  far  above  normal  rotor 
speed  even  if  the  shear  center  were  located  15  percent  of  the  chord  aft 
of  the  center  of  pressure. 

2.5*6  Special  Dynamic  Considerations 

Due  to  the  low  first  cyclic  in-plai.--  natural  frequency  of  the  rotor 
blades,  it  is  well  within  pilot  capability  to  perform  a  cyclic  stick 
whirl  which  will  excite  this  mode.  This  condition  cannot  be  avoided  and 
so  is  considered  a  design  condition. 

The  possibility  of  carrying  cargo  which  is  slung  beneath  the  helicopter 
has  been  investigated  from  the  standpoint  of  dynamic  coupling  with  rotor 
blade  frequencies.  The  frequency  of  oscillation  of  such  a  sling  load 
would  be  so  far  below  any  frequencies  of  the  rotor  system  that  no  effects 
on  '.'•tor  dynamics  are  to  be  expected. 

2.5*7  Rotor  Blade  Flutter 

The  Model  1108  rotor  system,  as  presently  designed,  possesses  positive 
damping  for  all  modes  of  vibration  investigated  in  Reference  4.  A 
variation  of  parameters  study  on  blade  flutter  points  out  the  following 
damping  changes  as  functions  of  parameter  changes. 
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a)  The  second  cyclic  mode  (first  in-plane  mode)  would  be  the  first 
mode  to  become  unstable  with  decreasing  root  control  spring 
stiffness.  This  spring  would  have  to  be  about  0.1  of  its  design 
stiffness  to  approach  the  stability  boundary. 

b)  A  chordwise  movement  of  the  blade  tip  mass  from  the  nominal  design 
location  (0.22  chord)  affects  the  damping  of  various  modes  in 
different  ways.  In  no  case  does  the  blade  flutter  for  center  of 
gravity  locations  between  the  16  percent  and  28  percent  chord  points. 

c)  An  increase  in  pitch-flap  coupling  (5 3  angle)  decreases  the  aero¬ 
dynamic  damping  of  the  second  cyclic  mode.  For  a  structural 
damping  factor  of  .03,  however,  this  mode  should  be  stable  for 
63  angles  up  to  45  degrees. 

d)  The  aerodynamic  damping  is  relatively  unchanged  with  small  chord- 
wise  variations  in  blade  shear  center. 

e)  The  rotational  speed  and  direction  of  rotation  of  the  engine 
rotating  parts  have  a  negligible  effect  upon  flutter  boundaries. 

f )  Increased  blade  chord  provides  an  increase  in  aerodynamic  damping 
for  a  majority  of  the  modes  of  vibration  but  has  a  slight  de¬ 
stabilizing  effect  on  the  second  cyclic,  sixth  cyclic,  and  the 
sixth  collective  modes. 

g)  A  flapwise  blade  stiffness  increase  at  the  root  of  the  blade  has 
negligible  effect  on  damping. 

2.6  Weight  and  Balance  Studies 

Weight  and  balance  studies  of  the  Model  1108  were  conducted  in  Reference 
6.  These  studies  resulted  in  the  following  conclusions. 

2.6.1  Empty  Weight 

The  empty  weight  of  the  Model  1108  helicopter  was  determined  to  be  34,700 
pounds.  A  summary  of  group  weights  is  presented  in  Section  8.0  of  this 
volume,  and  it  is  observed  that  rotor  system  weight  is  16,398  pounds,  or 
47.3  percent  of  empty  weight.  Rotor  system  weight  is  100  percent  calcu¬ 
lated  from  preliminary  design  drawings  while  the  remainder  of  the  Model 
1108  empty  weight  is  11. 3  percent  calculated,  29.2  percent  estimated,  and 

12.2  percent  actual  weight. 

2.6.2  Aircraft  Balance 

Accomplishing  a  proper  aircraft  balance,  both  longitudinal  and  lateral, 
will  present  no  unusual  conditions  or  restrictions  due  to  the  type  of 
load-carrying  procedure  that  is  anticipated.  The  disposable  items  of 
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useful  load  (i.e.,  fuel  and  cargo)  may  be  centered  on  or  about  the  main 
rotor  centerline  of  rotation  resulting  in  a  minimum  requirement  for 
allowable  center-of -gravity  control. 

2.6.3  Rotor  Balance 

Rotor  out-of-balance  studies  indicate  that  articulated  rotor  systems 
containing  lag  hinges  are  unsuited  for  tip  turbojet  propulsion  due  to 
the  large  rotor  in-plane  forces  which  occur  as  a  result  of  inoperative 
engines.  Conclusions  regarding  rotor  imbalance  for  the  Model  1108  with 
inoperative  engines  are  presented  in  paragraph  2.5*3  of  this  volume. 

2.7  Wind-Tunnel  Studies 


The  nacelle  installation  on  the  tip  turbojet  rotor  is  provided  to  reduce 
the  engine  external  drag  to  a  minimum  while  maintaining  smooth,  even  flow 
to  the  engine  compressor  inlet,  regardless  of  the  external  environment. 

The  environment  of  the  tip  turbojet  nacelle  consists  of  cyclic  angle  of 
attack  changes  to  twelve  degrees,  cyclic  sideslip  angle  changes  to 
eighteen  degrees,  and  cyclic  Mach  number  variations  between  .35  and  .75* 

2.7*1  Engine-Stacking  Configuration 

Three  engine-stacking  configurations  were  evaluated  by  means  of  wind- 
tunnel  tests  described  in  Section  9*0  of  this  volume.  The  configurations 
tested  were  a  single  engine,  a  vertical  placement  of  two  engines  (over- 
under),  and  a  horizontal  placement  of  two  engines  (side  by  side). 

2.7*2  Nacelle  Inlet  Configurations 

Four  inlet  configurations  (based  on  MCA  1  -  series  inlets)  were  tested. 

One  configuration  employed  a  30-degree  conical  spike,  or  an  NACA  1-30-40 
(Parabolic)  centerbody.  The  centerbody  effectively  prevents  internal 
lip  separation  to  angles  of  sideslip  (or  attack)  of  20  degrees.  Either 
centerbody  improved  the  inlet  flow  conditions  such  that  acceptable  velocity 
profiles  and  low  inlet  losses  were  maintained. 

With  dual  engines  the  downstream  engine  of  any  pair  experiences  the  highest 
inlet  total  pressure  loss  and  the  greatest  nonunifomity  of  velocity. 

The  side-by-side  engine  configuration  experiences  the  lowest  losses  in 
pitch  and  the  highest  losses  in  yaw,  while  the  over-under  configuration 
experiences  the  lowest  losses  in  yaw  and  the  highest  losses  in  pitch. 

Since  the  anticipated  maximum  pitch  angle  is  12  degrees  and  the  anticipated 
maximum  yaw  angle  is  18  degrees,  the  over-under  configuration  produces 
minimum  inlet  losses  for  the  dual  engine  configuration. 

2.7*3  Nacelle  Drag 

The  tip  turbojet  engine  (or  engines)  and  engine  mounts  determine  the 
nacelle  dian^sr.  The  length  and  fairing  between  blade  and  nacelle  are  then 


the  only  free  variable.  If  the  nacelle  length  is  increased  beyond  the 
optimum  length,  the  drag  increases  due  to  skin  friction;  but  if  the 
length  is  decreased  below  the  optimum,  large  increases  in  drag  result 
from  flow  separation.  The  addition  of  the  rotor  blade  on  the  side  of  the 
nacelle  produces  additional  expansion  on  the  airfoil,  and  this  double 
expansion  on  the  nacelle  and  blade  cause  separation  and  large  increases 
in  drag  as  though  the  nacelle  length  to  diameter  ratio  were  too  small. 

The  tip  turbojet  wind-tunnel  nacelle  had  a  length  to  diameter  ratio  of 
three  and  was  tested  at  a  Reynolds  Number  of  1.8  x  10°.  The  drag  coef¬ 
ficient  (based  on  frontal  area)  under  these  conditions  should  be  Cp  = 

.05  whereas  the  measured  values  were  between  .13  and  .2  which  indicates 
excessive  separation  did  occur.  The  drag  comparisons  between  configu¬ 
rations  are  valid  regardless  of  the  overall  drag  level.  For  equivalent 
Installed  power,  the  single  engine  configuration  produces  the  minimum 
drag  and  net  integrated  side  force  of  all  three  configurations,  but  the 
side-by-side  configuration  is  a  very  close  second.  The  over-under  con¬ 
figuration  has  higher  drag  and  a  substantially  higher  net  integrated 
side  force  than  the  other  configurations. 

2.7.4  Nacelle  Drag  Reduction 

Increasing  nacelle  length  would  reduce  separation  and  decrease  drag  as 
shown  by  NACA  tests  of  a  nacelle  on  a  wing  with  l/j)  =  5  and  Cp  =  .054. 
Large  increases  in  nacelle  length  are  undesirable  and  believed  to  be 
unnecessary.  The  separation  is  known  to  be  locally  induced  since  the 
nacelle  alone  would  have  low  drag.  Ihe  local  separation  can  be  reduced 
by  various  proven  methods. 

a)  Vortex  generators  which  would  remove  energy  from  the  frees tream 
and  add  this  energy  to  the  boundary  layer. 

b)  Addition  of  a  speed  pod  which  provides  volume  in  the  local  area 
and  decreases  the  rate  of  expansion.  This  has  the  same  effect 

on  the  local  area  as  increasing  length  has  on  the  overall  nacelle. 

c)  Changing  the  position  of  the  blade  maximum  thickness/chord  ratio 
relative  to  the  nacelle  maximum  diame ter /length  ratio,  so  as  to 
decrease  the  rate  of  expansion. 

d)  Boundary  layer  control  which  removes  or  re-energizes  the  bound¬ 
ary  layer  so  that  greater  expansion  ceui  take  place  without 
separation.  See  Reference  (ll)  Figures  2.10,  2.11, and  2.12. 

Any  of  the  above  items  are  capable  of  reducing  the  drag,  but  items  a)  and 
b)  are  considered  the  most  deisrable.  The  speed  pod  should  result  in  a 
nacelle  drag  between  that  of  the  isolated  nacelle  and  the  NACA  nacelle¬ 
wing  data.  The  use  of  boundary  layer  control  is  particularly  attractive 
due  to  the  proximity  of  the  energy  source.  This  could  result  in  a  drag 
coefficient  below  that  for  the  isolated  nacelle. 


2.8  Performance  Analysis 


Model  1108  performance  is  calculated  in  Reference  8  and  summarized  in 
Section  10.0  of  this  volume.  Performance  calculations  employed  con¬ 
ventional  prediction  methods  with  exception  of  the  additional  treatment 
required  to  account  for  the  tip-mounted  nacelle. 

Prediction  of  the  additional  power  required  by  the  nacelle  was  acconrplisned 
by  defining  the  relative  pitch  and  yaw  angle  environment  of  the  nacelle, 
as  functions  of  rotor  aximuth  and  tip  speed  ratio,  and  combining  this 
environment  with  predicted  force  coefficients.  It  is  concluded  that  the 
presence  of  a  tip-mounted  nacelle  simply  adds  l)  an  additional  term  to 
rotor  profile  power  due  to  the  tangential  nacelle  forces  and  2)  an 
additional  power  term  due  to  a  net  radial  (fore  and  aft) in-plane  force. 
Using  wind-tunnel  drag  data  in  the  performance  calculations  would  result 
in  approximately  15-  to  20- percent  increase  in  the  rotor  horsepower  required. 

2.9  Stability  and  Control  Studies 


2.9.1  >CL-H-8501A  Feasibility 

Hie  heavy-lift,  tip-mounted  turbojet,  universally  mounted  rotor  configu¬ 
ration  is  feasible  as  regards  flight  stability  and  controllability.  Basis 
for  stability  and  controllability  evaluation  was  MIL-H-85OIA,  as  well  as 
additional,  more  stringent  criteria  when  it  was  deemed  applicable. 

It  is  concluded  that  the  control  power  criteria  of  MIL-H-85OIA  is  not 
adequate  for  helicopters  of  the  Model  1108  weight  class.  A  more  appro¬ 
priate  criteria  is  one  based  on  flight  test  studies  of  helicopter  angular 
acceleration  due  to  control  input.  These  studies  (reported  in  NASA  TN 
D-58)  indicate  desirable  levels  of  control  power  to  be  two  to  three  times 
that  required  by  MIL-H-85OIA. 
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3-1  Objectives 
3.1.1  Introduction 


3.0  PARAMETRIC  DESIGN  STUDY 


The  objectives  of  this  study  are  to  determine  the  optimum  design  param¬ 
eters  of  a  heavy-lift  helicopter  powered  by  turbojet  engines  installed 
at  the  rotor  blade  tips.  The  design  parameters  that  yield  a  minimum 
gross  weight  configuration,  capable  of  meeting  performance  requirements 
within  the  design  limitations ,  are  considered  optimum. 


These  optimum  design  parameters  were  found  for  each  configuration  consid¬ 
ered  by  determining  the  minimum  gross  weight  required  to  meet  the  fuel 
requirements  of  the  mission  set  forth  in  Section  3*1*2,  for  each  combina¬ 
tion  of  the  design  parameters  in  Section  3*2.  Meeting  the  hover  require¬ 
ment  in  the  performance  specification  was  ensured  by  selecting  required 
power  using  a  generalized  method  of  engine  size  determination.  A  side 
study  was  made  to  ensure  that  each  solution  would  meet  the  maximum  for¬ 
ward  speed  requirement,  and  have  a  design  mean  lift  coefficient  not 
exceeding  .5* 


3.1.2  Mission  Requirements 

a)  Payload  (outbound  only)  . 

b)  Radius . 

c )  Cruising  speed: 

1.  Outboard  . 

2.  Inbound  . 

d)  Atmospheric  condition  . 

e)  Hovering  time  (out-of -ground  effect): 

1.  At  take-off  . 

2.  At  destination  (with  payload)  .  . 

f )  Fuel  reserve  . 

3.1.3  Performance  Specifications 

a)  Hover  capability  (OGE): 

1.  Altitude  . 

2.  Temperature  . 

b)  Design  maximum  speed . 

3. 1.4  Design  Objectives  and  Limitations 

a)  Maximum  tip  acceleration  at  outboard 

engine  centerline  . 

b)  Tip  speed  . 

c)  Gross  weight  . 


12  tons 

50  nautical  miles 

60  knots 
IX  knots 

Sea  level  standard 

3  minutes 
2  minutes 

1($  percent  of  initial  fuel 


6, 000  feet 
+95°  Fahrenheit 
125  miles  per  hour 


235g 

650  to  750  feet  per  second 
60,  XO  to  80,  XO  pounds 
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•30  to  .60 


d)  Design  mean  lift  coefficient  at  sea  level 

. 

e)  Engine  thrust,  weight,  and  fbel  consumption 

based  on  .  CAE  357-1  turbojet 

3.2  Design  Parameters 

The  variable  design  parameters  used  with  each  configuration  (see  Section 
3.3)  are  as  follows: 

a)  Chord,  c  =  6.0,  6.5,  7.0,  7-5  feet 

b)  Hover  tip  speed,  =  550,  600,  650,  700,  743,  750  feet  per  second 

c)  Centrifugal  force  gravity  field  at  centerline  of  outboard  engine  in 
gravity  units,  g. 

3.3  Configurations 

Table  1  lists  the  eight  configurations  considered  in  the  parametric  de¬ 
sign  study. 


TABLE  1 


CONFIGURATIONS 


Number 

of 

Blades 

» 

Engine 

Arrange¬ 

ment 

Fuselage 

Equivalent  Drag  Area 
(square  feet) 

type 

Loading 

Landing 

Gear 

/ 

2 

S 

Crane 

External 

Fixed 

Outbound : 
Inbound : 

200 

100 

5 

S 

Crane 

External 

Fixed 

Outbound : 

200 

Inbound : 

100 

tl 

S-S 

ft 

tf 

If 

ff  ff 

ff  ff 

fl 

0-U 

If 

ff 

ff 

ff  ft 

ff  ff 

4 

s 

Crane 

External 

Fixed 

Outbound : 

200 

Inbound : 

100 

ft 

S-S 

If 

ff 

ff 

tt  tt 

t<  It 

tt 

0-U 

fl 

ff 

ff 

tt  If 

ft  ft 

4 

0-U 

Transport 

Internal 

Retract¬ 

able 

Outbound : 
Inbound : 

50 

S  =  one  engine  per  blade. 

S-S  =  side-by-side  mounting  of  two  engines  per  blade. 
0-U  =  Over-under  mounting  of  two  engines  per  blade. 


17 


3*4  Optimum  Configurations  and  Design  Parameters 
3. 4.1  Generalized  Engines 

The  generalized  or  "rubber"  engines  are  based  on  the  CAE  357-1  version 
of  the  J69-T-29  engine.  The  results  of  the  parametric  study  with  the 
generalized  engines  indicate  that  the  lowest  gross  weight  machine  is 
obtained  with  the  minimum  permissible  number  of  blades  and  the  minimum 
number  of  engines  per  blade.  Hie  study  also  indicates  that  a  configura¬ 
tion  with  a  transport  fuselage  had  a  higher  gross  weight  than  a  like  con¬ 
figuration  which  utilized  a  crane-type  fuselage. 

The  two  blade  rotor  configuration  is  not  considered  appropriate  because 
of  control  power  considerations.  'The  results  of  the  Parametric  Analysis 
indicate  that  the  optimum  configuration  for  the  prescribed  mission  (see 
Section  3.1.2)  is  a  helicopter  with  the  following  characteristics: 

a)  Three  blades 

b)  A  single  engine  per  blade 

c)  A  crane-type  fuselage 

The  optimum  design  parameters  for  all  eight  configurations  considered  are 
presented  in  Table  2. 

Table  2  is  composed  of  three  parts: 

2a)  This  table  lists  the  optimum  design  parameters  which  fall 
within  the  limitations  of  Section  3.1.4. 

2b)  The  tip  speed  is  optimized  in  this  table  without  the  limita¬ 
tions  of  Section  3*1*^  imposed. 

2c)  This  table  lists  the  optimum  design  parameters  corresponding  to 
a  hover  tip  speed  of  743  feet  per  second.  (The  advu*.c.’ng  blade 
compressibility  limit  occurs  with  this  hover  tip  speed  at  a 
helicopter  forward  speed  of  125  miles  per  hour. )  The  g  limita¬ 
tions  of  Section  3.1.4  are  allowed  to  be  exceeded  in  this  table. 

Detailed  characteristics  for  the  optimum  three -bladed  confi curat ions  of 
Tables  2a  and  2b  are  provided  in  Table  3* 
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0-U  =  Over -under  mounting  of  two  engines  per  blade. 
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0-U  *  Over-under  mounting  of  two  engines  per  blade 


Table  2c 
OPTIMUM  DESIGN  P 


to 

CO 
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TABLE  3 

OPTIMUM  CONFIGURATION  DETAILS 
GENERALIZED  ENGINES 


Configuration  Configuration 
(a)  (b) 


Design  gross  weight,  W  ,  pounds  . 

Hover  tip  speed  at  centerline  of  engine, 

VTh>  . 

Chord  length,  c,  feet  . 

Main  rotor  radius,  R  (from  centerline  of 
rotor  to  centerline  of  engine  shaft), 

feet  . 

"n"  field  at  engine  centerline,  g  . 

Design  mean  lift  coefficient,  Cl^  . 

Cruise  tip  speed,  V<py,  fps  . 

Number  of  main  rotor  blades,  b  . 

Number  of  engines,  n  . 


Engine  arrangement 


Solidity,  o  . 

Total  engine  rated  thrust,  pounds  . 

Rated  thrust  per  engine,  pounds  . 

Weight  per  engine,  pounds  . 

Net  thrust,  Fn,  available  per  engine  at 
S.L.  standard  atmosphere  and  598  fps, 

pounds  . 

Net  thrust,  Fn,  available  per  engine  at 
6000  ft.,  95°  F.  std.  hot  day, 

pounds  . 

MRT  sfc  at  598  fps  and  S.L.  standard 

atmosphere,  lb/hr/ lb. thrust  . 

75  percent  NRP  sfc  at  598  fps  and  S.L. 

std.  atmosphere,  lb /hr/lb. thrust  . 

Maximum  engine  diameter,  inches  . 

Maximum  nacelle  diameter,  inches  . 

Engine  length,  inches  . 

Nacelle  length,  inches  . 

Empty  weighs,  pounds  . 

Fuel  weight,  pounds  . 

Payload,  pounds  . . 

Crew  and  oil,  pounds  . 


Configuration  (a):  Optimum  configuration  within  limitations  of  Section 

3-1.4. 

Configuration  (b):  Optimum  Configuration  for  tip  speed  not  limited  by 

Section  3.1*4. 

(An  empty  weight  breakdown  for  the  above  two  configurations  is  given  in 
Table  5- ) 
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3-^-2  CAE  357-1  Version  of  the  J69-T-29  Engine 


As  the  Continental  CAE  357-1  engine  is  one  of  the  generalized  engines 
used  in  the  parametric  study,  a  maximum  thrust  (l7C0-pound  rating)  limit 
line  provided  the  necessary  restrictions  to  allow  the  rotor  design 
parameters  to  be  determined  for  use  with  this  engine.  The  description, 
performance,  and  installation  of  the  CAE  357-1  engine  is  presented  in 
the  tip  turbojet  design  layout  study,  Volume  III.  This  version  of  the 
heavy-lift  helicopter  is  designated  as  Model  1108. 

An  over-under  engine  installation  arrangement  was  used  for  Model  1108 
rather  than  side-by-side  engine  arrangement  because  of  the  anticipated 
difficulties  associated  with  unequal  inlet  air  distribution  between 
engines  at  high  advance  ratios.  At  that  time  it  was  realized  that  the 
nacelle  drag  effect  would  be  increased  by  using  the  over-under  arrange¬ 
ment. 

The  parametric  study  indicated  that,  within  the  allowable  design  variables 
specified  in  Section  3-1-^j  an  optimum  solution  could  be  found  which  had 
excess  thrust  available.  This  configuration  was  identical  to  Model  1108 
except  that  the  rotor  blade  chord  was  5-5  feet. 

Rotor  design  studies  shewed  the  minimum  chord  which  would  provide  clear¬ 
ance  for  engine  service  lines  is  6-5  feet.  The  desiffi  studies  also 
showed  blade  weight  decreases  with  increasing  chord  but  the  new  blade 
weight  was  1,800  pounds  greater  than  assumed  in  the  parametric  study. 

The  increase  in  blade  chord  and  rotor  weight  required  more  power  for 
hover  so  that  the  1,700  pound  rated  thrust  of  the  CAE  357-1  engine  was 
marginal  to  provide  HOGE  capability  at  6,000  feet,  95°  F.  To  reduce 
gross  weight,  some  consideration  has  been  given  to  cruise  on  six  of  the 
engines  with  the  cruise  tip  speed  reduced  to  the  optimum  of  5^0  feet  per 
second.  This  realized  an  800-pound  fuel  weight  reduction.  However, 
performance  for  the  Model  1108  as  listed  in  Reference  (8)  is  computed  on 
the  basis  of  all  eight  engines  running,  as  ability  to  shutdown  and 
relight  engines  in  flight  has  not  been  provided.  A  total  of  600  pounds 
was  removed  from  other  components  where  savings  could  be  achieved  over 
the  statistical  estimates  (see  Table  5  for  final  weight  breakdown  of  this 
configuration  compared  to  estimates  used  in  the  generalized  engine  study). 
The  major  differences  between  the  final  weight  conditions  and  the 
parametric  study  weight  are  that  the  generalized  helicopters  were  con¬ 
sidered  to  be  fitted  with  two  auxiliary  power  units  while  the  hardware 
engine  versions  were  considered  to  have  one.  Also,  three  crew  members 
were  included  in  the  generalized  engine  study  and  only  two  crew  members 
in  the  CAE  engine  study. 

The  configuration  details  of  the  Model  1108  are  summarized  in  Table  b. 
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By  increasing  the  9356  tip  environment  to  282g  for  6,000  feet,  95°  F. 
HOGE,  the  Model  1108  could  be  made  to  meet  all  requirements  with  eight 
of  the  1, 700-pound  rated  thrust  versions  of  the  357-1  engines  without 
reducing  tip  speed  below  cruise  tip  speed  or  shutting  down  engines  dur¬ 
ing  cruise.  The  tip  acceleration  during  cruise  and  sea  level  hover 
would  be  below  the  235g  limit  presently  imposed. 

A  three-blade,  six  engine,  over-under  crane  configuration  could  be 
built  to  meet  the  hover  and  mission  requirements  with  an  11.8  percent 
increase  in  the  CAE  357-1  engine  thrust  rating.  This  solution  is 
designated  as  Model  1119,  and  is  listed  with  Model  1108  in  Table  U. 
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TABLE  4 

OPTIMUM  CONFIGURATION  DETAILS 
CAE  357-1  ENGINE 


Model  1108 

Model  1119 

Gross  Weight,  Wq,  pounds  . 

72,104 

64,250 

Hover  tip  speed  at  centerline  of  engine, 

vTgj  f.p.s . 

Chord  length,  c,  feet  . 

650 

650 

6.5 

6.5 

Main  rotor  radius,  R  (from  centerline  of 

rotor  to  centerline  of  engine  shaft ),  feet. 

55.83 

55.83 

"n"  field  at  engine  centerline,  g  . . 

235 

235 

Design  mean  lift  coefficient,  ^Lr0  . 

329 

405 

Cruise  tip  speed,  f.p.s . . 

592 

639 

Optimum  tip  speed,  f.p.s . 

540 

590 

Number  of  main  rotor  blades,  b . 

4 

3 

Number  of  engines,  n  . 

8 

6 

One  over  the 

Engine  arrangement  . 

other  at  each 

Over-under 

blade  tip 

at  each  tip 

Solidity,  a  . 

.148 

.111 

Total  engine  rated  thrust,  pounds  . 

13,600 

11,400 

Rated  thrust  per  engine,  pounds  . 

1,700 

1,900 

Weight  per  engine,  pounds  . 

365 

428 

Net  thrust,  Fn,  available  per  engine  at  S.L. 

std.  atmosphere  and  650  f.p.s.  pounds . 

1,550 

1,730 

Net  thrust,  Fn,  available  per  engine  at 

6,000  ft,  95°  F.  std.  hot  day  and  650  f.p.s. 

pounds  . 

1,057 

1,195 

MRT  sfc  at  592  f.p.s.  and  S.L.  std.  atmos- 

phere,  lb/hr/lb.  thrust  . 

1.256 

1.256 

75  percent  NRT  sfc  at  592  f.p.s.  and  S.L. 

std.  atmosphere,  lb/hr/lb.  thrust  . 

1.414 

1.414 

Maximum  engine  diameter,  inches  . 

25.25 

25.25 

Maximum  nacelle  height,  inches  . 

57.00 

57.00 

Maximum  nacelle  width  . 

30.00 

30.00 

Engine  length,  inches  . 

47.97 

47.97 

Nacelle  length,  inches  . 

68.3 

68.3 

Empty  weight,  pounds  . 

34,700 

28,114 

Fuel  weight,  pounds  . 

12,924 

11,676 

Payload,  pounds  . 

24,000 

24,000 

Crew  and  oil . . . 

480 

460 

Model  1108:  CAE  357-1  rated  thrust. 

Model  1119:  CAE  357-1  engine  with  11.8  percent  growth  in  thrust. 
(The  weight  breakdowns  for  the  above  conf igurations  are  given  in 
Table  5.) 
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Configurations 
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CiruiBe  at  optimum  VT. 

Based  on  latest  design  info-mat ion  5-28-64. 


3-5. 1.1  Model  1108 


The  requirement  to  HOGE  at  6,000  feet,  95°  F.  at  the  mission  gross  weight 
necessitates  the  installation  of  power  that  is  greatly  in  excess  of  the 
power  required  to  HOGE  at  sea  level  standard.  This  excess  power  can  be 
used  to  advantage,  however,  for  overload  missions  under  standard  condi¬ 
tions.  Table  6  illustrates  the  payload  and  range  possibilities  of  the 
four-bladed  Model  1108  under  overload  conditions. 


TA  BLE  6 

PAYLOAD  AND  RANGE  CAPABILITIES 


Payload 
(tons ) 

WG 

(lb.) 

HOGE 

Radius 

(naut. 

mile) 

Allowable 
Fit.  Load 
Factor 

12 

72,104 

6,000  ft/95°  F. 

50 

+2.5 

20 

90,100 

6,000  ft  (std.  temp. ) 

50 

+2.0 

26 

103,200 

1,000  ft  (std.  temp. ) 

50 

+1-T5 

30 

104,900 

Sea  level  (std.  temp. ) 

35 

+1.72 

3.5. 1.2  Model  1119 

The  payload  and  range  capabilities  of  the  Model  1119  are  shown  in  the 
following  table.  The  sea  level  heavy-lift  capability,  because  of  the 
large  amount  of  installed  power,  is  evident  as  it  was  for  the  Model  1108. 


TABLE  T 

PAYLOAD  AND  FAHGE  CAPABILITIES 


Payload 

(tons) 

(lb.) 

HOGE 

Radius 

(naut. 

mile) 

Allowable 
Fit.  Load 
Factor 

12 

64,250 

6,000  ft/950  F. 

50 

+2.5 

20 

82,850 

5,500  ft  (std.  temp. ) 

50 

+1.93 

25 

94,650 

500  ft  (std.  temp. ) 

50 

+1. 68 

28 

95,650 

Sea  level  (std.  temp.  ) 

35 

+1.67 

4.0  DESIGN  LAYOUT  STUDIES 


4.1  Introduction 

Optimizing  the  design  of  a  tip  turbojet  rotor,  system  entailed  the  care¬ 
ful  blending  of  its  aerodynamic,  propulsion,  dynamic,  structural,  mechan¬ 
ical,  and  subsystem  characteristics.  With  this  in  mind,  the  initial 
design  layouts  were  developed  concurrently  with  the  analytical  studies. 

As  areas  of  concern  were  resolved,  the  layouts  established  the  configu¬ 
rations  as  described  in  the  following  paragraphs.  All  designs  were 
reviewed  to  assure  that  the  basic  design  criteria  were  met.  In  addition, 
minimum  weight,  low  cost,  reliability,  and  ease  of  maintenance  were 
given  thorough  consideration. 

4.2  Rotor  System 

A  main  rotor  system  that  met  all  the  requirements  was  designed  consider¬ 
ing  rotor  basic  geometry,  structured  arrangement,  retention,  hub,  mast, 
control  and  turbojet  engine  attachment  at  the  tip.  The  rotor  assembly 
is  shown  in  Figures  1  and  2* 

4.2.1  Hub  Assembly 

Four  types  of  hubs  for  mounting  the  rotor  were  evaluated  and  the  gimbal- 
type  hub  was  chosen.  This  choice  was  principally  in  the  interest  of 
economy  associated  with  reduced  development  risk  plus  the  simplicity 
associated  with  designing  the  hub  in  a  large  size.  Paragraphs  4. 2. 1.1 
through  4. 2. 1.4  summarize  the  Justifications  for  this  decision. 

4. 2. 1.1  Rigid  Rotor  Retention 

Ifce  rigid  rotor  hub  was  eliminated  because  its  structural  integrity  haul 
not  been  proven  and  though  mechanically  simple  as  a  hub  it  became  complex 
when  the  rotor  support  and  aircraft  isolation  system  were  included. 

4. 2. 1.2  Articulated  Rotor  Retention 

The  articulated  rotor  hub  suspension  was  eliminated  because  l)  it  required 
heavy  droop  stops  in  connection  with  flapwise  articulation,  2)  adverse 
vibration  frcxn  in -plane  blade  lag  (in  the  event  of  an  engine  failure) 
with  chordwise  articulation  and  3)  ground  resonance  problems  accompany  this 
system,  and  relatively  complex  hinge  retention  at  hub. 

4.2.1. 3  Teetering  (See-Saw)  Rotor  Suspension 

The  teetering  rotor  hub  suspension  was  eliminated  because  it  is  only 
applicable  to  a  two-blade  rotor  system  and  the  dynamics  plus  control¬ 
lability  analyses  indicated  that  at  least  three  blades  would  be  required. 
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4.2. 1.4  Universal  Rotor  Suspension 

The  gimbal  (or  universal)  rotor  hub  incorporated  details  which  tend  to 
diminish  the  number  of  unknowns  and  is  backed  by  a  substantial  amount 
of  supporting  data.  The  addition  of  an  elastic  restraint  in  combina¬ 
tion  with  the  gimbal  mounting  of  the  hub  produces  an  arrangement  that 
combines  the  features  desired  for  satisfactory  control  and  low  vibration 
and  stress  levels  at  an  acceptable  weight.  A  constant  velocity  universal 
joint  was  also  studied  for  this  application  but,  because  of  its  inherent 
complexity,  greater  weight,  and  negligible  vibration  improvement,  it  was 
discarded  in  favor  of  the  simple,  conventional  gimbal  ring  suspension. 

4.2.2  Rotor  Blade  Assembly 

By  process  of  iteration  the  many  design  requirements  were  evaluated  on 
their  merit  and  compared  on  the  basis  of  low  weight  in  order  to  define 
the  root  and  tip  retention,  basic  section, and  materials  requirement. 
Configurations  evolved  met  the  requirements  for  in-plane  and  flapwise 
stiffness,  attachments,  end  fixity,  centrifugal  force,  chordwise  and 
flapwise  weight  distribution,  manufacturability,  etc. 

4.2. 2.1  Rotor  Blade  Retention 

Rotor  blade  retention  is  very  closely  integrated  with  hub  design.  Six 
types  of  rotor  retention  arrangements  were  evaluated  and  the  stub  blade 
type  was  chosen  as  having  the  most  features  in  Its  favor.  Paragraphs 

4. 2. 2. 1.1  through  4. 2. 2. 1.6  summarize  the  justification  for  the  choice. 

4. 2. 2. 1.1  Internal  Strap 

The  internal  tension-torsion  strap  hollow  cylinder  type  retention  con¬ 
figuration  with  roller  bearings  for  pitch  was  eliminated  because  the 
rather  long  slender  tube  would  not  provide  the  in-plane  stiffness  needed 
without  increasing  the  flapwise  stiffness  considerably  above  the  flapwise 
requirement.  This  is  because  the  cylindrical  shape  is  symmetrical  about 
its  axis.  When  attempting  to  shape  or  machine  the  cylinder  to  provide 
different  stiffnesses  in  different  planes,  the  cost  and  weight  become 
excessive. 

4. 2. 2. 1.2  Modified  Internal  Strap 

The  modified  internal  tens ion-tors  ion  strap  retention  arrangement  was 
similar  to  that  of  4. 2. 2. 1.1  above  except  the  hollow  cylinder  was  changed 
to  a  hollow  and  shorter  transition  between  the  blade  and  the  hub.  How¬ 
ever,  this  configuration  was  eliminated  because  the  weight  was  high  and 
because  it  was  questionable  whether  the  associated  large  hub  forging 
could  be  manufactured  with  existing  equipment. 
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4.2.2. 1.3  External  Strap  In-Plane 


The  in-plane  external  tension- tors  ion  strap  retention  was  arranged  much 
like  the  internal  strap  configuration  except  that  two  tens ion- tors  ion 
straps  were  located  externally  in  the  chord  plane,  one  on  each  side  of 
the  rotor  centerline.  This  configuration  was  eliminated  because  of  high 
weight  plus  nonlinearity  and  complexity  difficulties  encountered  from 
the  feathering  restraint  not  being  on  the  feathering  axis. 

4.2.2. 1.4  Laminated  Rubber 


The  rubber  laminated  bearing  retention  scheme,  which  featured  thin 
laminations  of  metal  and  rubber  located  in  a  hollow  cylinder  (or  tran¬ 
sition)  that  carried  all  loads  except  centrifugal,  provided  in -plane  and 
flapping  stiffness,  and  allowed  motion  for  pitch  change.  This  configu¬ 
ration  was  eliminated  because  of  the  high  weight  associated  with  the 
large  laminated  bearings,  high  pitch  control  loads,  and  the  unproven 
reliability  of  the  laminated  bearing. 

4.2.2. 1-5  Flexure  Hinge 

The  flexural  hinge  retention  system  is  composed  of  four  diagonally 
opposed  straps  which  extend  from  the  hub  to  the  rotor  carrying  all  loads 
and  deflections  except  centrifugal.  In  order  to  accommodate  the  loads, 
the  rotor  hub  must  be  large  enough  to  provide  attachment  of  the  widely 
displaced  straps.  This  configuration  was  eliminated  because  cf  high 
weight  of  hub,  difficulty  of  exact  matching  of  the  four  straps,  plus  the 
complexity,  nonlinear,  and  interaction  of  in-plane,  flapping,  and  pitch 
characteristics. 

4. 2. 2. 1.6  Stub  Blade 


The  stub  blade1  retention  system  features  one  tension-torsion  strap  and 
two  bearings  displaced  spanwise  on  the  feathering  axis.  Axial  centrifugal 
force  is  taken  by  the  strap  and  the  bearings  define  feathering  motion  as 
well  as  carry  nonaxial  loads  from  the  blade  to  the  hub.  The  signifi¬ 
cant  difference  between  this  system  and  the  internal  strap  (in  a  tube) 
is  that  one  portion  of  the  bearing  support  is  part,  of  the  hub  and  the 
other  portion  is  part  of  the  blade  and  they  complement  each  other  on  a 
hinge  basis  (rather  than  concentric  tubes)  so  that  in-plane  and  flapping 
stiffness  can  be  appropriately  distributed  at  low  weight.  For  aerodynamic 
improvement  the  inboard  portion  is  an  airfoil  shape  and  is  thus  called 
the  "stub  blade".  Stiffness,  or  spring  rate,  of  the  bearings  and  bearing 
supports  must  be  experimentally  substantiated  before  optimization  of  the 
retention  system  geometry.  In  summary,  the  stub  blade  retention  method 
was  selected  in  preference  to  other  configurations  since  it  is  superior 
from  the  standpoint  of  low  weight,  manufacturing  feasibility,  cost, 
versatility  of  design,  growth  potential,  and  aerodynamic  cleanliness. 
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4. 2. 2. 2  Blade  Section 


Design  of  the  basic  blade  required  individual  optimization  of  each  design 
criteria  since  the  arbitrary  use  of  a  scaled-up  version  of  an  existing 
blade  showed  a  prohibitive  weight  penalty.  Through  the  use  of  structural 
optimization  data  and  data  for  the  first  approximation  of  the  weights  of 
spar  caps,  webs,  and  skins,  it  was  possible  to  determine  from  the  para¬ 
metric  design  study,  stiffness  parameters  which  define  the  blade  section 
properties.  Because  of  the  structural,  and  thus  weight  advantages  at  the 
root  and  tip  of  the  blade,  plus  the  manufacturability  benefits,  the  con¬ 
stant  chord  blade  was  adopted.  The  comparatively  small  increase  in 
aerodynamic  efficiency  of  a  tapered  blade  chord  was  not  considered 
sufficient  to  offset  the  nontapered  advantages.  Since  the  stiffness 
required  is  a  function  of  the  mass  distribution,  the  net  cross-sectional 
areas  required  to  resist  the  centrifiigal  leads  was  computed  for  several 
blade  stations.  Stiffness,  mass  distribution,  and  natural  frequency  were 
found  and  checked  against  that  required.  This  process  was  repeated  until 
further  changes  did  not  show  significant  weight  saving.  Skin  thicknesses 
were  based  on  conservative  torsional  stiffness  data  that  assures  flutter- 
free  operation  throughout  the  complete  feathering  range  spectrum. 

A  basic  NACA  0015  airfoil  represents  the  blade  section  contour.  The 
actual  blade  section  evolved  to  be  a  three-cell  structure.  The  front 
cell  from  0  to  5  percent  forms  the  leading  edge,  is  nonstructural,  and  is 
a  (full-span)  removable  panel  for  fuel,  oil,  and  electrical  systems  access. 
The  middle  cell  from  5  percent  to  approximately  50  percent  chord  is  a 
box  structure  composed  of  front  auid  rear  spar  attached  by  skin  panels. 

The  aft  cell  from  50  percent  to  100  percent  chord,  consists  of  skin 
panels  supported  by  aluminum  honeycomb  and  a  load-carrying  trailing  edge. 
The  primary  means  of  attachment  of  the  main  and  aft  cells  to  each  other 
will  employ  fatigue  resistant  bending  plus  mechanical  fasteners  only  if 
required  to  provide  redundancy.  The  fewest  number  of  parts  consistent 
with  the  manufacturing  technique  were  planned.  All  parts  can  be  manufac¬ 
tured  with  existing  equipment  through  the  use  of  special  tools  and  jigs. 

A  detailed  comparison  of  many  materials  showed  that  for  minimum  weight 
structure  the  material  that  snows  the  best  stiffness  and  fatigue  prop¬ 
erties  for  the  rotor  system  is  titanium.  The  wide  acceptance  of  titanium 
for  major  components  of  high-speed  aircraft  and  the  routine  type  pro¬ 
cedures  for  present-day  fabrication,  leave  no  question  that  titanium 
will  be  satisfactory  in  this  application. 

4.2.3  Rotor  Mast 


The  rotor  mast,  in  addition  to  its  conventional  function  of  carrying, 
lifting,  bending,  torque  and  spring  restraint  loads,  was  required  to  act 
as  a  transfer  device  from  static  to  rotating  for  electrical  and  engine 
fluid  systems,  and  to  drive  an  accessory  gearbox.  Primarily  in  the 
interests  of  low  weighty  the  main  rotor  mast  driven  gearbox  will  only 
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drive  minimum  accessories  and  tail  rotor  in  the  event  of  an  auxiliary 
power  unit  (ARJ;  failure.  Primary  tail  rotor  and  accessory  drive  is  by 
the  auxiliary  power  unit.  For  whirl  stand  installation  the  mast  will  be 
mounted  rigidly  by  two  sets  of  bearings.  For  a  flight  installation 
elastomeric  isolation  components  will  be  added. 

4.2.4  Flight  Controls 

The  flight  controls  are  of  a  conventional  hydraulically  operated  type 
with  three  dual  boost  cylinders  and  dual  system  throughout  the  safety. 

A  spring  restraint  system  can  be  incorporated,  if  required,  between 
the  rotor  shaft  and  mast  to  provide  satisfactory  stcbility  and  control. 

4.2.5  Hydraulic  System 

The  two  separate  hydraulic  systems,  mentioned  above  for  controls,  are 
3,000  p.s.i.  systems;  one  powered  by  the  mam  rotor-driven  gearbox  and 
the  other  by  the  ARJ.  .Additional  capacity  was  designed  into  the 
hydraulic  system  to  accommodate  landing  gear,  wheel  braking,  and  steer¬ 
ing  and  cargo  hoist  requirements. 

4. 3  Power  Plant  Installation 


The  design  layouts  determined  the  installation  of  the  turbojet  engines 
(normal  requirements)  at  the  rotor  tip  while  meeting  other  special 
environmental  conditions  such  as  gyroscopic  moments,  centrifugal  loads, 
orientation  relative  to  rotor  blade,  airflow  paths,  fluid  and  electrical 
system  service,  and  close  control  of  weight  and  center  of  gravity. 

4.3.1  Engine  Installation 

The  engine  considered  for  the  Model  1108  is  the  Continetal  Model  357-1, 
a  modified  J69-T-29,  rated  at  1,700  pounds  maximum  military  rated 
thrust.  Design  studies  were  made  for  three  types  of  engine  installation: 
l)  single  engine  on  a  blade  tip,  2)  two  engines  on  a  blade  tip  located 
one  above  the  other  vertically  (over -under)  and  3)  two  engines  on  a 
blade  tip  located  one  beside  the  other  horizontally  (side-by-side).  As 
far  as  installation  design  was  concerned,  the  single  engine  per  blade 
proved  to  be  the  most  advantageous.  When  two  engines  are  needed,  the 
over-under  configuration  is  preferred  to  the  side-by-side  from  the 
overall  installation  point  of  view  (with  the  possible  exception  of  aero¬ 
dynamic  effects ) . 

The  engine  mount  design  required  close  coordination  with  Continental 
Aviation  and  Engineering  Corp.  to  produce  a  mutually  satisfactory  inter¬ 
face.  Primary  loads  are  transferred  from  the  engine  to  the  blade  by  the 
main  mount  that  attaches  to  two  points  on  the  inboard  side  of  each  of  the 
two  engines  on  one  blade.  These  points  were  chosen  because  they  are  on 
a  relatively  rigid  part  of  the  engine  structure  and  approximately  on  the 
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transverse  plane  of  the  engine  center  of  gravity.  A  single  point  (per 
engine)  mount  attaches  to  the  aft  portion  of  each  engine  for  stabiliza¬ 
tion  and  allows  for  engine  growth  due  to  temperature.  This  mount  con¬ 
figuration  was  designed  to  meet  all  loads  and  combination  of  loads  plus 
proper  location  relative  to  blade,  supporting  systems,  and  cowling. 

4.3.2  Nacelle  Design 

Design  of  the  nacelle  for  the  engines  was  based  on  external  lines, 
structural  integrity,  position  relative  to  blade,  inlet,  exhaust,  com¬ 
patibility  with  firewall,  accessories  serviceability,  cooling  air  flow 
paths,  and  materials.  The  cowl  was  attached  to  the  rotor  blade  and  is 
hinged  to  open  for  easy  service.  A  study  layout  defined  an  inlet,  body, 
and  exhaust  configuration  that  gave  the  best  compromise  between  external 
aerodynamics  and  design  for  best  overall  air  inlet  distribution  through¬ 
out  the  operating  range.  Firewalls,  within  the  cowl,  were  placed  so  that 
engines  were  isolated  from  each  other  and  engine  accessory  compartments 
were  separated  from  the  engine  hot  compartments.  Fiberglass  was  used 
where  compound  shapes  were  involved,  aluminum  for  skin  panels,  and 
titanium  where  high  temperatures  would  not  permit  fiberglass  or  aluminum. 

4.3.3  Engine  Cooling 

Engine  compartments  have  air  passing  through  to  maintain  compartment 
temperature  limits.  The  air  is  supplied  through  the  use  of  ram  inlet 
bleed  in  the  forward  part  and  an  ejector  in  the  aft  part  of  the  nacelle. 
Cooling  air  passages  and  radiation  shields  were  designed  so  that  the 
rotor  blade  and  its  attachments,  as  well  as  the  engine  and  its  components, 
would  be  maintained  within  the  specified  limits.  Engine  oil  is  cooled  by 
an  oil-to-air  radiator  submerged  in  the  rotor  blade,  which  takes  air  from 
the  higher  pressure  area  under  the  blade  and  discharges  the  air  in  a 
lower  pressure  area  on  top  of  the  blade.  Engine  compartment  and  engine 
oil  cooling  may  be  furnished,  for  static  operation  on  the  ground,  by 
the  ejector  and  a  portable  electric  blower  as  applicable. 

4.3.4  Engine  Control  and  Power  Management 

The  philosophy  of  the  control  of  the  helicopter  rotor  and  the  tip  turbo¬ 
jet  engines  is  to  govern  the  speed  of  the  rotor  and  let  engine  thrust 
correct  off- speed  conditions  by  a  signal  from  the  rotor  governor.  After 
studying  many  engine  control  schemes  it  was  decided  to  give  the  pilot  the 
control  of  rotor  pitch  in  the  collective  stick  and  let  the  governor  main¬ 
tain  the  main  rotor  speed  as  desired  from  the  rotor  speed  selector  control. 
However,  it  was  found  that  a  "coarse"  bias  control  relationship  between 
collective  stick  position  and  engine  thrust  (engine  r.p.m. ),  and  between 
collective  stick  position  and  governor  (governor  droop  compensation), 
did  improve  overall  response  time.  Also  the  pilot  has  been  provided 
with  engine  thrust  trim  controls  and  a  twist  grip  control  with  "off," 
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"idle-s tart"* and  "run"  positions.  The  resultant  "power  management  system" 
enables  the  pilot  to  control  and  coordinate  all  operating  engines  with 
a  minimum  of  manual  inputs  to  the  system.  It  contains  fail-safe  features 
and  back-up  systems  consistent  with  the  high  degree  of  safety  and  con¬ 
trollability  demanded  of  primary  flight /engine  controls.  The  systems, 
both  basic  and  back-up,  are  combined  electronic  and  electro-mechanical.. 

The  ire  are  three  modes  of  operation;  manual,  automatic,  and  mixed.  Manual 
is  used  for  engine  start  and  shutdown,  static  ground  running,  and  as  a 
back-up  for  the  automatic  system.  The  automatic  system  is  used  in  normal 
operation.  The  mixed,  a  combination  of  automatic  and  manual,  is  used 
to  permit  manual  operation  of  a  portion  of  the  automatic  system  in  case 
of  partial  automatic  malfunction.  These  modes  of  operation  are  available 
to  the  pilot  on  a  selection  basis. 

Inasmuch  as  all  modes  require  electrical  power,  this  system  will  be  fed 
from  the  essential  electrical  bus.  The  primary  AC  generator  supplies 
power  to  this  bus,  with  the  secondary  generator  as  a  back-up  power  source. 
In  case  of  ARJ  failure,  the  standby  generator  driven  by  the  main  rotor 
gearbox  will  be  switched  to  the  essential  bus.  All  components  in  the 
manual  system  are  separate  from  the  automatic  system,  including  the 
separate  actuators,  so  a  single  failure  cannot  disable  the  power  manage¬ 
ment  system. 

Oscillatory  engine  thrust  and  rotor  drag  may  be  encountered  within  a 
revolution  of  the  rotor.  Many  factors,  such  as  inertia  of  rotating  com¬ 
ponents,  control  response,  inlet  velocity,  engine  attitude,  etc.,  could 
contribute  to  such  oscillations.  These  effects  will  be  studied  individ¬ 
ually  and  concurrently  in  future  programs;  therefore,  if  warranted,  the 
existing  power  management  system  incorporates  provisions  for  cycling 
power  control  for  any  mode  required. 

4.3.5  Fuel  and  Lubrication  Systems 

Fuel  and  oil  will  be  supplied  to  the  engines  from  their  own  tank  and  tank 
pump  at  the  foot  of  the  rotor  mast  (nonrotating).  Flow  paths  will 
continue  across  a  rotating  joint,  up  through  the  inside  of  the  mast, 
distributed  to  the  blades,  and  out  the  blades  to  the  engines.  The  air¬ 
frame  pumps  will  feed  fuel  and  oil  to  the  rotor  hub  and  centrifugal 
force,  due  to  rotation,  will  supply  the  pressure  required  at  the  engines. 
Adequate  pressure  will  be  supplied  from  the  pumps  to  sustain  static  engine 
operation  on  the  ground.  Plumbing  for  carrying  fuel  and  oil  through  the 
rotor  blade  will  be  in  the  leading  edge  cell  (0  to  5  percent  chord)  and 
be  attached  to  the  front  spar.  The  leading  edge  nose  section  is  removable 
for  access  to  these  and  other  engine  systems.  Materials,  location 
relative  to  blade  neutral  axis,  and  attachments  have  been  designed  to 
satisfy  the  centrifugal  force,  blade  flapping,  and  blade  static  droop 
requirements. 
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Since  fuel  is  consumed  at  tfte  rotor  tip,  this  system  was  designed  for 
continuous  flow  during  operation.  However,  since  the  lubricating  oil  has 
storage  at  the  tip,  the  oil  system  was  designed  to  replenish  only  on 
demand  so  that  the  engine  integral  oil  tank  will  always  be  full  and 
there  will  not  be  any  unbalance  of  oil  weight  from  one  engine  to  another 
and/or  one  blade  to  another.  Being  a  demand  system,  both  engines  at 
the  tip  of  one  rotor  blade  needed  only  one  oil  replenishment  line  from 
the  hub. 

The  fuel  supply  was  designed  to  furnish  two  complete  feed  systems  from 
the  tank(s)  to  the  rotor  hub.  One  engine  at  the  rotor  tip  of  each  blade 
will  normally  receive  fuel  frac  one  of  the  systems  through  the  mast, 
while  the  other  engine  will  normally  receive  fuel  from  the  other  system 
through  the  mast.  (Note  that  this  provides  each  engine  with  a  separate 
line  from  the  hub. )  Since  the  two  systems  that  go  through  the  mast  have 
an  emergency  crossfeed  valve  at  the  rotor  hub  (after  going  through  the 
mast),  either  system  can  supply  all  engines  with  fuel  in  case  of  mal¬ 
function  of  the  other. 

Fuel  and  oil  systems  were  designed  for  complete  control  with  back-up 
and  fail-safe  features  throughout. 

4.3.6  Starting  System 

Turbojet  engine  starting  received  extensive  study  by  the  contractor  and 
Continental  Aviation  and  Engineering  Corp.  to  assure  that  the  starting 
system  which  evolved  would  be  practical,  efficient,  and  optimum  for  the 
purpose.  The  methods  of  engine  starting  considered  were  electrical 
cranking,  hydraulic  cranking,  cartridge  cranking,  windmill  starting  by 
cranking  the  main  rotor,  and  air  impingement  cranking.  On  a  comparison 
basis,  five  out  of  the  six  modes  of  starting  were  eliminated  because  of 
one  or  more  undesirable  characteristics  such  as  high  weight  at  rotor  tip, 
high  overall  weight,  high  pressure  plumbing  in  the  rotor,  and  complexity. 
The  air  impingement  cranking  system  design  showed  the  greatest  advantage 
in  all  characteristics.  A  single  impingement  air  duct  was  routed  from  a 
nonrotating  APU  to  one  tip  engine  on  each  blade  much  in  the  same  manner 
as  the  fuel  and  oil  except  that  only  one  engine  in  each  blade  received 
impingement  air  to  minimize  weight  at  the  tip  and  to  simplify  air  starting 
controls.  Other  engines  would  be  started  by  windmilling  after  the  air 
impingement  supplied  engines  had  the  rotor  up  to  "lite-off"  speed.  For 
static  ground  starting,  a  ground  supply  attach  connection  was  furnished 
on  the  one  engine  at  each  blode  which  did  not  have  a  blade- supplied 
impingement  air  system. 

4.3.7  Auxiliary  Power  Unit 

Reference  has  been  made  to  an  APU.  The  total  drive  system  was  designed  to 
include  a  source  of  auxiliary  power  other  than  the  main  propulsion  engines; 
and  though  the  industry-accepted  nomenclature  for  this  device  is 
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"Auxiliary  Power  Unit",  it  functions  as  a  primary  power  unit  in  normal 
operation  and  only  for  emergency  operation  (ARJ  failure)  will  the 
essential  components  be  driven  from  the  main  rotor  shaft.  Under  normal 
operation  the  AFU  provides  power  for  tail  rotor,  two  AC  generators,  and 
the  hydraulic  pump(s). 

4.4  Electrical  System 

4.4.1  Power  Distribution  (including  Slip  Rings) 

The  power  distribution  system  is  supplied  by  two  separate  sources.  The 
auxiliary  power  unit  (AFJ)  is  the  primary  source,  and  the  main  rotor 
accessory  geurcese  is  the  secondary,  or  emergency,  source.  The  AFU 
drives  two  30- kilovolt- ampere,  400-cycle  generators  as  primary  electric 
power  generation  sources.  One  generator  (primary)  supplies  AC  power  to 
the  essential  bus  and  the  other  generator  (secondary)  supplies  AC  power 
to  the  main  bus.  These  two  buses  are  separated  by  a  power  relay  which 
allows  the  secondary  generator  to  be  switched  to  the  essential  bus  in  case 
of  primary  generator  failure.  This  system  was  chosen  over  the  more  com¬ 
plicated  parallel  bus  system.  The  APU  also  provides  DC  power  from  its 
starter  generator  and  emergency  DC  power  from  its  battery. 

An  emergency,  or  standby,  electrical  source  consists  of  a  15KVA,  400- 
cycle  generator  driven  from  the  main  rotor  accessory  gearbox.  If  a 
failure  occurs  in  the  APU,  this  generator  will  provide  AC  power  to  the 
essential  bus  which  feeds  the  primary  flight  electrical  equipment.  In 
this  system  consideration  will  be  given  either  to  a  two-speed  gearbox  or 
a  constant  speed  drive  unit  between  the  main  rotor  gearbox  and  the  genera¬ 
tor,  to  provide  for  constant  generator  speed  if  different  rotor  speeds 
are  used  for  cruise  and  hover.  Final  selection  will  be  evaluated  in 
detail  design,  which  is  not  within  the  scope  of  this  study. 

4. 4. 1.1  Slip  Rings 

The  slip  ring  assembly  is  a  primary  item  in  the  electrical  distribution 
system.  It  distributes  control  and  instrumentation  power  to  the  engine 
nacelles  and  is  located  at  the  base  of  the  main  rotor  drive  shaft. 
Approximately  320  rings  are  required.  Thorough  investigation  has 
indicated  that  a  modular  "platter"  type  assembly  will  give  highest 
reliability,  low  noise  level,  and  long  service  life.  It  is  most  efficient 
from  a  space  standpoint  which  allows  wide  rings  and  block- type  brushes. 
This  type  has  the  rings  arranged  concentrically  on  the  tops  and  on  the 
bottoms  of  a  series  of  discs,  with  two  or  more  silver-graphite  block 
brushes  per  ring. 

4.4.3  Main  and  Auxiliary  Power  Unit  Inst rumentat ion 
4.4. 3-1  Power  Plant  Instrumentation  System 
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The  engine  monitoring  system  has  two  basic  systems:  a)  the  primary,  which 
is  concerned  with  engine  shaft  speeds  and  turbine  inlet  temperature  and 
b)  the  secondary,  which  monitors  oil  temperature,  oil  pressure,  and  fuel 
pressure.  The  components  of  these  systems  which  operate  in  the  high  g 
environment  have  been  extensively  discussed  with  several  prominent  manu¬ 
facturers.  This  has  led  to  the  conclusion  that  existing  standard  units, 
namely,  the  rotary  tachometer  generators,  pressure  synchros,  and  resistance- 
type  temperature  bulbs  can  be  used  without  modification.  Early  centri¬ 
fuge  testing  in  the  next  program  phase  will  determine  the  validity  of 
this  conclusion. 

Each  tip  turbojet  is  provided  with  a  group  of  sensors  or  transmitters 
with  the  exception  of  fuel  pressure  units.  The  fuel  pressure  is 
measured  at  each  fuel  system  manifold  located  at  the  top  of  the  rotor 
mast.  It  is  considered  unnecessary  to  indicate  pressures  at  the  engines 
because  of  the  very  large  pressure  increment  provided  by  centrifugal 
force. 

U.I4.3.2  Auxiliary  Power  Unit  Instrumentation 

The  instrumentation  systems  of  the  ARJ  consists  of  a  tachometer,  oil 
temperature,  oil  pressure,  and  turbine  inlet  temperature.  These 
instruments  are  of  standard  design  and  the  same  as  those  used  for  the 
main  engines  with  the  exception  of  the  turbine  inlet  temperatures  system 
where  a  direct  reading  thermocouple  is  used  in  place  of  a  servo-type 
system. 
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5.0  STATIC  ASP  DYNAMIC  LOADS 


Structural  design  criteria  pertinent  tc  a  heavy-lift  tip  turbojet  rotor 
system  are  outlined  in  Reference  3»  These  criteria  describe  a  four- 
b laded  rotor  employing  two  turbojet  engines  at  each  blade  tip.  The 
static  and  dynamic  in-plane^  flapwise,  and  torsional  blade  loads  have 
been  developed  for  all  regimes  of  steady-state  and  transient  flight 
conditions  considered  critical  for  rotor  design. 

5.1  Structural  Design  Criteria 

5.1.1  General  Contents 

The  structural  design  criteria  presented  in  Reference  3  are  Tor  a  heavy- 
lift  tip  turbojet  rotor  system  which  is  intended  for  use  on  a  cargo  heli¬ 
copter  having  a  payload  of  24,000  pounds  and  a  design  gross  weight  of 
72,000  pounds.  The  centerline  of  the  tip-mounted  engines,  which  are  ar¬ 
ranged  in  an  over-under  configuration,  is  located  at  a  radius  of  56  feet 
from  the  centerline  of  rotor  rotation,  and  the  design  hovering  tip  speed 
is  650  feet  per  second.  The  rotor  blades  are  connected  to  a  universally 
teetering  hub  through  a  retention  system  which  allows  the  blades  to 
feather  while  supporting  centrifugal  load. 

The  design  criteria  further  describe  the  proposed  control  system,  fuel 
and  oil  systems,  electrical  system,  and  mechanical  drive  system  as  they 
affect  rotor  design.  Dimensional  data  are  presented  which  are  necessary 
for  blade  design.  The  steady  and  transient  flight  conditions  to  be  used 
for  rotor  blade  design  are  summarized  with  load  factor  limitations  being 
applicable  to  a  cargo-type  helicopter. 

5.1.2  Criteria  Peculiar  to  Tip  Turbojet  Configuration 

The  design  criteria  which  pertain  to  the  mounting  and  loading  environment 
of  the  tip-mounted  turbojet  engines  have  been  developed  specifically  for 
the  J69-T-29  engine  designed  by  the  Continental  Aviation  and  Engineering 
Corp.  and  designated  Model  357*1  by  that  company.  These  criteria 
establish  a  maximum  steady  centrifugal  load  factor  of  235g  normal  to 
the  tip  path  plane  axis  with  a  rotor  overspeed  condition  which  produces 
a  259g  load  for  no  more  than  one  minute  with  a  cumulative  operating  time 
of  thirty  minutes  per  1,000  hours  of  operation.  A  load  factor  of  3^7g 
normal  to  the  tip  path  plane  axis  is  to  be  used  for  nonrotating  parts  of 
the  engine  and  blade  attachment  hardware.  Dynamic  and  transient  loadings 
on  the  engine  are  to  be  rationally  determined. 

5.2  Steady- State  Design  Loads 

The  rotor  system  steady-state  design  loads  are  defined  as  those  loads 
which  might  be  expected  to  occur  for  extended  periods  of  time.  These 
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loads  have  been  developed  using  analytical  procedures,  digital  computers; 
and  direct  analog  computers  using  tne  same  blade  mass  and  stiffness  proper* 
ties  which  were  used  for  the  blade  flutter  analysis. 

5-2.1  Centrifugal  Loads 

The  mass  of  the  rotor  blade  and  its  two  tip-mounted  engines  creates  a 
centrifugal  force  of  56^.-000  pounds  at  tne  centerline  of  rotation  for  the 
design  hovering  tip  speed  of  65c  feet  per  second.  This  centrifugal  force 
diminishes  to  281,000  pounds  at  the  engine  centerline  for  a  total  tip 
weight  of  1,200  lbs  including  engines  and  nacelle.  Centrifugal  force 
loadings  at  any  ether  tip  speeds  can  be  calculated  as  these  loads  times 
the  ratio  of  the  squares  of  the  tip  speeds. 

5.2.2  Rotor  Elade  Torques  (Control  Leads) 

Engine  gyrosccpics •,  blade  aerodynamics,  and  engine/blade  mass  properties 
combine  to  produce  torque  loadings  on  the  rotor  blades  and  pitch  control 
mechanism.  For  the  rotor  design  as  presently  proposed,  the  blade  torque 
is  always  negative  (nose  down)  so  long  as  the  rotor  is  at  either  cruise 
or  hover  tip  speed.  The  only  possibility  for  positive  torque  results 
with  only  the  lower  engine  operating  at  zero  tip  speed  (no  gyroscopics ), 
and  this  positive  torque  is  small  compared  with  the  design  negative  torque. 
Since  each  flight  condition  entails  a  different  engine  turbine  speed  and 
collective  pitch  setting,  a  fictitious  condition  has  been  assumed  which 
neglects  all  positive  torque  inputs  and  assumes  all  rotor  parameters  which 
contribute  negative  torque  to  be  at  their  design  limits.  This  analysis 
produces  a  conservative  design,  torque  of  -183,000  inch-pounds  at  the 
centerline  of  rotation  and  -122,000  inch-pcunds  at  the  centerline  of  the 
engines. 

5.2.3  Aerodynamic  Loads 

Airloads  were  generated  for  ten  flight  conditions  using  a  Control  Data 
16o4a  digital  computer  and  an  airload  program  developed  at  Cornell 
Aeronautical  Laboratory  for  the  U.  S.  Army  under  Contract  DA  UU-I77-TC-698, 
dated  November  1962.  This  program  uses  assumed  inflow  distributions  and 
considers  the  influence  of  bound  and  shed  vortices  from  all  of  the  b1  '.des 
to  adjust  these  inflow  distributions  to  final  values  from  which  the  air¬ 
loads  are  calculated.  Tne  most  important  aspect  of  this  program  is  not 
the  calculation  of  the  steady  airload*,  since  these  can  be  determined 
with  reasonable  accuracy,  using  blade  element  theory,  but  the  generation 
of  the  first  seven  harmonic  sine  and  cosine  airloads  in  both  the  lift  and 
drag  directions.  Figures  3  through  12  present  the  lift  and  drag  airloads 
for  lg  forward  flight  at  144  miles  per  hour.  The  remaining  conditions 
investigated  have  been  examined,  and  the  airloads  for  other  critical 
flight  conditions  are  similarly  presented  in  Reference  3* 
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5*2.4  Rotor  Blade  Bending  Moments 

The  direct  analog  computer  simulation  of  the  tip  turbojet  rotor  blade, 
which  is  reported  in  Reference  5,  offered  e.  unique  method  for  obtaining 
harmonic  bending  moments  from  the  airloads  described  in  Section  5*2.3. 
Since  the  direct  analog  computer  simulation  represented  a  completely 
coupled  model  of  the  rotor  blade,  the  iniluence  of  flapwise  airloads  on 
in-plane  bending  moments,  and  vice  versa,  could  be  obtained  with  ease. 

The  computer  model  was  used  to  compile  a  complete  set  of  dynamic  influence 
coefficients  by  applying  unit  harmonic  loads  independently  at  several  ra¬ 
dial  positions  along  the  blade  and  tabulating  the  resulting  flapwise  and 
in-plane  bending  moments  for  each  load  at  several  other  blade  stations. 
Having  applied  these  unit  loads  in  both  the  flapwise  and  in-plane  direc¬ 
tions  for  airloads  up  to  and  including  the  eighth  harmonic,  the  influence 
coefficients  could  now  be  applied  to  the  actual  harmonic  airloads  to 
obtain  design  bending  moments.  The  critical  bending  moments  which  result 
from  this  study  are  plotted  in  Reference  3  in  much  the  same  manner  as  are 
the  airloads  in  Figures  3  through  12.  It  is  evident  from  these  studies 
that  in -plane  bending  moments  resulting  from  airload  harmonics  above  three 
cycles  per  revolution  are  negligible  in  comparison  with  the  first  three 
harmonic 8.  It  is  also  evident  that  the  seventh  harmonic  flapwise  bending 
moments  are  more  severe  than  several  lower  harmonics.  This  phenomenon 
results  from  the  proximity  of  the  third  flapwise  cyclic  natural  frequency 
to  seven  cycles  per  revolution  of  the  rotor. 

While  the  2.5g  pullup  condition  creates  the  largest  positive  steady 
bending  moments  in  the  flapwise  direction,  the  static  droop  condition 
produces  the  largest  negative  flapwise  bending  outboard  of  r/R  =  0.2. 

The  -0. 5g  flight  condition  causes  critical  negative  bending  inboard  of 
r/R  -  0.2. 

5*3  Dynamic  (Transient)  Loads 

The  rotor  system  dynamic  loads  are  defined  as  those  loads  which  are  tran¬ 
sient  in  application  and  experience  peak  magnitudes  for  only  a  limited 
period  of  time.  The  gust  and  control  motion  conditions  which  cause  these 
loads  were  simulated  on  the  direct  analog  computer  and  blade  response  was 
measured. 

5.3.1  Gust  Loads 

The  transient  response  to  a  sharp  edged  (step)  40  foot  per  second  gust 
was  recorded  for  three  values  of  suspended  (fuselage)  weight  varying  from 
infinity  to  minimum  flying  weight.  For  each  fuselage  mass,  the  flapwise 
and  in-plane  bending  moments  were  measured  at  four  blade  stations.  Addi¬ 
tional  measurements  provided  vertical  force  at  the  hub  (for  the  determin¬ 
ation  of  gust-load  factor)  and  vertical  and  in-plane  accelerations  of  the 
tip  mass.  The  gust  condition  does  not  result  in  critical  blade  bending 
moments  although  the  flapwise  moments  approach  those  of  the  2.5g  pullup 


condition  .in  magnitude.  The  transient  accelerations  of  the  tip  mass  were 
maximum  for  minimum  flying  weight  and  were  measured  to  be  8. 35g  vertically 
and  1.99g  horizontally.  For  the  design  gross  weight  condition,  the  load 
factor  caused  by  the  gust  is  calculated  to  be  2.25g. 

5-3*2  Rotor  Response  Due  to  Cyclic  and  Collective  Control  Inputs 

Steady-state  inputs  of  cyclic  and  collective  pitch  were  simulated  on  the 
direct  analog  computer  ana  resulted  in  noncritical  transient  bending 
moments  in  both  the  flapwise  and  in-plane  directions.  An  investigation 
of  cyclic  stick  whirl,  however,  revealed  transient  in-plane  bending 
moments  far  in  excess  of  those  created  by  any  other  flight  condition. 

The  very  low  rotor  angular  velocity  and  correspondingly  low  first  in¬ 
plane  rotating  natural  frequency  make  it  possible  for  the  pilot  to 
inadvertently  whirl  the  cyclic  stick  at  a  frequency  which  would  excite 
this  first  in-plane  mode  and  produce  large  bending  moments.  The  peak 
bending  moment  was  measured  at  the  critical  whirling  frequency  to  be 
±3,500,000  inch-pounds  at  r/R  =  .025*  Since  the  bending  moments  were 
not  measured  at  any  other  blade  station,  a  quarter  cosine  mode  shape  was 
assumed  for  this  response  and  the  resulting  in-plane  bending  moment 
variation  with  radius  taker,  to  be  ±3# 500,000  cos  (« r/2R)  inch-pounds. 
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Lift  -  Fourth  Harmonic  Figure  8.  Lift  -  Fifth  Harmonic 

Forward  Flight  Forward  Flight 

(lg,  lH  a.p.h.)  (lg,  144  m.p.h.) 

Condition  8  Condition  8 
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6.0  STRUCTURAL  ANALYSIS 


6.1  Structural  Philosophy 

The  philosophy  adopted  for  the  structural  analysis  phase  of  the  prelimi¬ 
nary  design  program  is  one  of  insuring  that  optimum  load  paths  are  devel¬ 
oped,  that  service-proven  structural  design  practiles  are  employed,  and 
that  structural  materials  and  methods  conform  to  the  state  of  the  art. 
Sufficient  stress  analysis  has  been  performed  to  substantiate  the  basic 
design  concept  and  is  presented  in  Reference  4  in  detail. 

In  general,  static  loads  (for  the  purpose  of  analysis)  consist  of  loads 
arising  from  dead  weight  considerations,  transient  loadings  whose  occur¬ 
rence  is  so  seldom  as  to  preclude  them  from  ft.  :e  consideration,  and 
loads  resulting  from  possible  operation  far  beyond  the  operating  limits. 

The  static  analysis  of  Reference  4  provides  a  measure  of  the  basic  strength 
of  the  principal  components  and  attachments  of  the  rotor  system  design. 

It  will  also  serve  as  a  guide  in  the  future  development  of  the  rotor  system 
by  defining  areas  of  overstrength  as  well  as  areas  where  additional  detail 
design  effort  must  be  expended. 

Fatigue  loads  are  defined  as  loads  which  are  periodic  by  nature  and  of 
sufficient  amplitude  and  frequency  as  to  induce  failure  of  a  material  at 
stress  levels  less  than  its  static  capabilities. 

The  fatigue  analysis  of  Reference  4  considers  only  the  fundamental  fatigue 
conditions  required  to  provide  assurance  that  proper  consideration  is 
given  to  this  aspect  of  the  structural  design.  An  accurate  prediction  of 
component  life  depends  upon  measured  flight  strain  data,  component  fatigue 
test  data,  and  a  detailed  knowledge  of  the  flight  spectrum. 

6.2  Critical  Static  Design  Conditions 

The  conditions  found  to  be  critical  during  Phase  I  of  this  program  are 
listed  below. 

1)  Design  maximum  rotor  speed  -  one  engine  out.  Tip  speed  of  650  feet 
per  second. 

2)  Rotor  limit  speed:  A  tip  speed  of  125  percent  of  the  design  maximum 
rotor  speed;  only  the  centrifugal  force  component  is  considered  "iere. 

3)  Rotor  overspeed  -  both  engines  on.  A  rotor  tip  speed  of  105  percent 
of  the  design  maximum  rotor  speed. 

4)  Pullup:  The  rotor  tip  speed  is  562  feet  per  second,  forward  velocity 
is  41  miles  per  hour,  and  the  vertical  load  factor  is  2.5g. 
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5)  Cyclic  stick  whirl:  An  arbitrary  condition  which  arises  when,  in 
hover,  the  pilot  moves  the  cyclic  stick  in  a  circular  path  at  a 
particular  frequency. 

6)  Static  droop:  The  blade  is  considered  a  cantilever  beam  loaded 
by  its  own  weight  (lg). 

6.2.1  Engine  Mount  System  and  Attachments 

The  critical  engine  mount  system  and  attachment  loading  occurs  during  the 
rotor  limit  speed  condition,  and  during  the  rotor  overspeed  operation  - 
both-engines -operating  condition.  The  critical  engine  mount  areas  are 
the  attachment  bolts  and  lugs  and  the  heat  expansion  fitting. 

6.2.2  Main  Rotor  Blade  Tip  and  Attachments 

The  critical  main  rotor  blade  tip,  and  attachments,  loading  occurs  during 
tiie  rotor  limit  speed  condition  and  during  the  rotor  overspeed  operation  - 
two  engines  condition.  The  critical  areas  are  the  attachment  lugs. 

6.2.3  Main  Rotor  Blade  Typical  Section 

The  critical  main  rotor  blade  typical  section  is  at  rotor  station  170.00 
and  occurs  during  the  static  droop  condition  due  to  compressive  buckling 
stress. 

6.2.U  Main  Rotor  Blade  Root  Retention  Structure 

The  critical  main  rotor  blade  root  retention  structure  loading  occurs 
during  the  rotor  limit  speed  condition.  The  critical  areas  are  the 
tens ion- tors ion  strap  and  its  retention  bolt. 

6.2.5  Stub  Blade  and  Retention 

The  critical  stub  blade  loading  occurs  during  the  transient  cyclic  stick 
whirl  condition.  The  adjustable  link  attachment  lug  is  the  critical 
component. 

6.2.6  Main  Rotor  Hub  Assembly 

The  critical  main  rotor  hub  assembly  loading  occurs  during  the  pullup 
condition.  The  critical  hub  areas  are  the  blade  retention  lugs  and  pins. 

6.2.7  Rotor  Heed  Gimbal  and  Attachments 

The  critical  gimbal  and  attachments  loading  results  from  the  pullup 
condition.  The  critical  areas  are  the  bearings  and  the  rotor  shaft 
bearing  lugs. 
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6. 3  Critical  Fatigue  Conditions 


The  alternating  stresses  developed  during  a  steady-state,  in-trim,  normal 
lg  flight  condition  are  below  the  rotor  system  component  material 
endurance  limit  and  therefore  nondamaging. 

The  start-stop  condition  is  the  critical  main  rotor  system  fatigue  design 
condition  considered  in  the  Phase  I  analysis.  The  critical  rotor  system 
components  during  the  start- stop  condition  are  the  engine-to-mount  attach¬ 
ment  heat-expansion  fitting,  the  rotor  system  component  attachment  bolts, 
pins,  and  lugs,  and  the  tension-torsion  strap  assembly. 
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7.0  DYNAMIC,  AEROEIASTIC.  AND  FLUTTER  STUDIES 


Studies  have  been  conducted  concerning  the  dynamic  behavior  of  the  rotor 
system  for  a  heavy -lift  tip  turbojet  helicopter.  A  description  of  the 
rotor  parameters  used  in  these  studies  can  be  found  in  Reference  5*  A 
majority  of  the  work  was  performed  on  a  direcjb  analog  computer  on  which 
a  completely  coupled  simulation  of  the  rotor  blade  was  analyzed  for  natural 
frequencies,  flutter  boundaries  and  transient  loading  phenomena.  Com¬ 
plementary  analyses  pertaining  to  the  effects  of  tip-mounted  turbojet 
engines  were  performed  to  supplement  the  data  compiled  from  the  analog 
computer  studies. 

7*1  Rotor  Elat*  Frequency  Placement 

7.1.1  Design  Criteria 

The  flapwise,  in -j. lane,  and  torsional  natural  frequencies  of  the  rotor 
blades  have  been  placed  so  as  not  to  coincide  with  blade  airload  har¬ 
monics  which  create  a  resonant  condition.  This  criteria  is  applied  to 
frequencies  as  high  as  about  eight  cycles  per  revolution  of  the  main 
rotor  assuming  that  airload  excitations  above  this  value  are  negligible. 

The  criteria  governing  the  first  in-plane  rotating  natural  frequency  not 
only  considers  avoidance  of  one -cycle -per -revolution  airload  excitation 
but  also  the  phenomenon  called  ground  resonance.  To  avoid  airload 
resonance,  the  first  ln-plane  uncoupled  rotating  natural  frequency  shall 
not  be  less  than  1.3  cycles  pen  revolution  and  any  coupling  effects 
throughout  the  collective  pitch  range  shall  not  reduce  this  frequency 
below  1.1  cycles  per  revolution.  If  airload  resonance  is  avoided  in  the 
above  manner,  freedom  from  ground  resonance  is  assured. 

7.1.2  Uncoupled  and  Coupled  Frequencies 

Rotor  blade  frequencies  have  been  estimated  by  two  independent  methods; 
an  uncoupled  approach  which  neglects  aerodynamic  effects  and  a  coupled 
approach  which  includes  aerodynamic  and  gyroscopic  effect*.  The  com¬ 
pletely  coupled  study,  of  course,  yields  frequencies  which  best  approxi¬ 
mate  those  which  will  result  on  the  actual  helicopter  but  a  comparison 
of  the  two  methods  was  considered  appropriate  to  show  the  effect  of  coupling 
flapwise,  in-plane, and  torsional  motions.  In  general,  it  is  indicated 
that  the  first  flapwise  and  in-plane  natural  frequencies  can  be  accu¬ 
rately  calculated  as  uncoupled  modes  if  the  blades  are  at  a  low -pitch 
setting.  Higher  uncoupled  modes  show  less  correlation  as  do  all  fre¬ 
quencies  for  the  blades  at  high -pitch  settings. 

The  results  of  these  studies  indicate  that  all  natural  frequencies 
are  free  from  resonance  with  their  airload  harmonic  excitations.  It 
is  also  evident  that  the  frequency  margins  of  seme  modes  vary  with 
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collective  pitch  and  care  must  be  taken  to  avoid  resonance  throughout 
the  pitch  range.  Figure  13,  on  page  57,  shows  the  effects  of  collective 
pitch  on  four  coupled  frequencies.  The  first  cyclic  in-plane  mode,  which 
is  of  concern  for  the  avoidance  of  ground  resonance,  deteriorates  from 
a  frequency  of  1.34  cycles  per  revolution  at  minimum  pitch  to  1.15 
cycles  per  revolution  at  maximum  pitch. 

7.2  Periodic  Engine-Nacelle  Thrust 

During  all  forward  flight  conditions  the  aerodynamic  environment  of  the 
tip-mounted  turbojet  engines  and  their  nacelles  will  vary  periodically 
resulting  in  both  an  engine  thrust  variation  with  blade  azimuth  position 
and  a  nacelle  drag  variation.  It  is  difficult  to  treat  the  engine  thrust 
oscillation  accurately  since  the  engines  are  to  be  governed,  but  pre¬ 
liminary  estimates  indicate  that  the  change  in  engine  thrust  with  azimuth 
will  be  less  than  the  change  of  nacelle  drag.  Since  the  nacelle  drag 
variation  has  been  accounted  for  in  the  first  harmonic  in -plane  airloads, 
and  these  loads  create  no  design  problem,  any  variation  of  engine  thrust 
is  assumed  to  be  noncritical. 

7*  3  Rotor  Dynamics  with  One  Engine  Inoperative 

The  symmetry  which  exists  for  the  four  rotor  blades  when  all  eight  tip 
engines  are  properly  operating  is  obviously  destroyed  if  any  one  engine 
fails  and  the  remaining  seven  continue  to  operate.  Using  a  hover  con¬ 
dition  to  illustrate  this  effect,  it  is  not  difficult  to  visualize  a 
plan  view  of  the  rotor  in  which  one  blade  has  an  in-plane  deflected  shape 
different  from  the  other  three.  The  center  of  gravity  of  the  entire 
rotor  system,  then,  would  be  offset  from  the  centerline  of  rotation  and 
a  rotating  force  vector  would  result  due  both  to  centrifugal  force  and 
the  unbalanced  engine  thrust  vector.  Analyses  of  this  condition  for 
one  and  two  engines  inoperative  indicate  that  this  total  rotating  force 
is  small  compared  with  helicopter  gross  weight,  and  adequate  rotor 
isolation  would  insure  that  this  excitation  would  be  virtually  unfelt  in 
the  fuselage. 

Another  effect  of  a  one-  or  two-engine- out  condition  would  be  for  one  rotor 
blade  to  change  pitch  due  to  the  loss  of  gyroscopic  torque  at  the  tip; 
thus,  this  blade  would  have  effectively  a  twist  angle  different  than  the 
other  three  blades.  The  result  would  be  an  out-of-track  condition  which 
would  induce  some  degree  of  roughness  to  the  helicopter.  Analyses  con¬ 
ducted  in  Reference  5  indicate  that  this  out -of -track  condition  is  not 
expected  to  be  more  severe  than  out-of-track  conditions  which  occasionally 
result  with  smaller  helicopters. 

7.^  Mechanical  Instability 

Ground  resonance,  which  can  occur  when  the  first  in-plane  rotating  natural 
frequency  is  less  than  one  cycle  per  revolution  of  the  main  rotor,  will  be 
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avoided  by  designing  the  rctcr  blades  to  have  a  first  in-plane  frequency 
well  above  one  cycle  per  revolution.  Section  7.1.2  shows  that  a  frequency 
margin  is  maintained  throughout  the  collective  pitch  range  but  is  smaller 
at  maximum  pitch  than  a  minimum  pitch. 

7*  5  Torsional  Divergence 

Torsional  divergence  of  a  lifting  aerodynamic  surface  occurs  when  the 
rate  of  change  of  torque  from  external  sources  exceeds  the  rate  of  change 
of  torque  due  to  structural  stiffness.  In  its  simplest  fora,  this 
problem  is  analyzed  as  a  pure  torsional  problem;  and  divergence  can 
occur  only  if  the  blade  section  center  of  pressure  is  located  forward  of 
the  blade  shear  center.  Such  is  not  the  case  with  the  proposed  tip  turbo¬ 
jet  blade  and  so  torsional  divergence  will  not  occur.  The  torsional 
stability  of  the  rotor  blade,  including  effects  of  flapwise  and  in-plane 
deflections,  is  further  assured  as  a  result  of  the  direct  analog  computer 
study  reported  in  Reference  5*  If  etatic  instability  were  present  in 
the  rotor,  it  would  have  become  evident  during  these  studies. 

7.6  Dynamic  Phenomena  Peculiar  to  Large  Tip  Turbojet  Rotors 

A  rotor  system  of  the  size  proposed  for  Model  1108  can  be  expected  to 
have  dynamic  considerations  which  are  not  necessary  to  investigate  for 
smaller  rotor  systems.  These  considerations  arise  primarily  from  the 
very  low  rotor  angular  velocities  which  are  required  to  obtain  a 
desirable  tip  speed. 

7*6.1  Low  Rotor  Natural  Frequencies 

Having  established  a  first  in-plane  natural  frequency  which  is  adequate 
for  avoidance  of  ground  resonance,  it  is  found  that  inadvert ant  whirling 
of  the  cyclic  control  at  a  frequency  well  within  pilot  capability  will 
excite  this  first  in-plane  mode  and  cause  large  chordwise  loads  in  the 
blades.  This  condition  cannot  be  avoided  without  providing  cyclic 
stick  whirl  limitations  and  so  the  rotor  blades  will  be  designed  for  this 
condition. 

7.6.2  Effects  of  Sling  Loads  on  Rotor  Dynamics 

It  is  presently  envisioned  that  the  cargo  or  useful  load  can  be  carried 
either  as  a  rigidly  attached  load  or  a  sling  suspended  load.  All  dynamic 
calculations  have  been  made  assuming  that  the  design  gross  weight  included 
a  12-ton  cargo  rigidly  connected  to  the  fuselage  and,  hence,  an  integral 
part  of  the  fuselage.  An  investigation  of  the  dynamic  behavior  of  a 
sling  suspended  cargo  verifies  that  the  cargo  and  sling  behave  much  like 
a  simple  pendulum.  The  sling  length  was  varied  from  16  feet  to  200  feet 
with  a  cargo  weight  of  24,000  pounds  and  the  frequency  of  the  slung  cargo 
was  found  to  vary  between  1.3  radians  per  second  and  0.4  radians  per 
second.  Since  the  design  minimum  rotor  speed  is  greater  than  10  radians 


per  second  and  all  rotor-blade  frequencies  exceed  one  cycle  per  revolution 
of  the  rotor,  it  is  concluded  that  the  sling  length  would  never  be  short 
enough  to  produce  frequencies  which  would  affect  the  dynamics  of  the 
rotor  blades, 

7*7  Rotor  Blade  Flutter 

A  variation  of  parameters  study  of  rotor  blade  flutter  boundaries  has 
been  conducted  on  a  direct  analog  computer  for  a  completely  coupled  simu¬ 
lation  of  the  proposed  rotor  blades.  The  stability  of  the  rotor  blades 
was  determined  by  measuring  the  aerodynamic  damping  present  for  each 
mode  of  vibration.  No  attempt  has  been  made  to  include  structural  damp¬ 
ing  in  the  rotor  blade  simulation,  and  so  it  is  possible  to  have  a  small 
amount  of  negative  aerodynamic  damping  present  for  any  mode  and  still  be 
flutter-free  due  to  an  offsetting  amount  of  structural  damping.  Signifi¬ 
cant  rotor  parameters  have  been  varied  independently,  and  in  some  cases 
varied  in  combination,  to  determine  the  values  at  which  flutter  would  be 
likely  to  occur. 

7*7*1  Effects  of  Tip  Rotating  Mass 

The  rotating  parts  of  the  tip-mounted  turbojet  engines  produce  coupling 
between  pitching  and  lead-  .^ag  motions  of  the  blade.  The  effects  of  this 
coupling  were  investigated  by  varying  the  angular  speed  of  these  rotating 
parts  from  three  times  the  maximum  design  value  in  the  proposed  direction 
(counterclockwise  viewed  from  the  rear)  to  three  times  the  design  value 
in  the  opposite  direction.  The  effect  of  tip  engine  speed  on  aerodynamic 
damping  for  all  modes  of  vibration  is  small  when  compared  with  the  case 
when  the  engine  speed  is  zero. 

7*7*2  Effects  of  Tip  Mass  Location 

The  chordwise  location  of  the  center  of  gravity  of  the  tip  mass  was  varied 
between  the  l6-percent  chordpoint  and  the  28-percent  chordpoint,  or  ±6 
percent  at  the  chord  from  the  proposed  design  location.  Figure  14  on 
page  58  indicated  that  the  tip  mass  location  affects  the  aerodynamic  damp¬ 
ing  of  different  modes  in  different  ways.  The  two  modes  which  are  most 
affected  are  found  to  be  the  second  collective  mode  and  the  second  cyclic 
mode,  with  both  modes  becoming  more  sensitive  to  tip  mass  location  as  the 
root  control  spring  stiffness  becomes  smaller.  The  present  design  location 
at  the  22-percent  chordpoint  effects  a  compromise  between  the  extremes 
investigated  and  will  insure  stability  for  control  spring  stiffnesses  as 
-  low  as  0.1  of  the  design  value  if  a  structural  damping  factor  of  G  =  .03 
is  assumed  to  be  present. 

7. 7*  3  Effects  of  Elastic  Axis  Location 

The  only  mode  of  vibration  which  is  critical  for  elastic  axis  location  is 
the  second  cyclic  mode  as  shown  in  Figure  15  on  page  59*  The  other 
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modes  are  not  of  immediate  interest  since  they  all  possess  positive  aero¬ 
dynamic  damping  when  using  nominal  blade  parameters.  The  tendency  toward 
a  more  stable  second  cyclic  mode  is  indicated  for  a  more  forward  elastic 
axis  location.  Even  though  the  assumed  structural  damping  is  sufficient 
to  guarantee  stability  of  this  mode,  the  elastic  axis  for  the  proposed 
blade  design  is  estimated  to  be  forward  of  the  quarter  chord  (at  approxi¬ 
mately  19  percent)  and,  hence,  in  the  proper  direction  to  reduce  aero¬ 
dynamic  instability  of  this  mode. 


7*7*4  Effects  of  ^3  (Pitch-Flap  Coupling) 

A  variation  of  3  angle  (pitch-flap  coupling)  affects  only  the  second 
cyclic  mode  adversely  and  results  in  the  largest  negative  aerodynamic 
damping  at  maximum  collective  pitch  setting.  Figure  15,  page  59#  shows 
this  effect  for  ^3  angles  up  to  45  degrees.  Even  though  a  structural 
damping  factor  of  G  =  .03  would  guarantee  avoidance  of  flutter  throughout 
this  5 ^  range,  no  advantage  to  large  63  angles  is  foreseen  and  design 
values  Jin  excess  of  10  degrees  are  not  anticpated. 


7*7*5  Effects  of  Control  System  Stiffness 

The  influence  of  root  control  spring  stiffness  on  blade  flutter  is  best 
shown  in  Figure  14,  page  58  for  the  second  cyclic  and  second  collective 
modes,  the  only  modes  for  which  aerodynamic  damping  becomes  more  negative 
(destabilizing)  with  increasing  control  spring  flexibility.  If  the 
structural  damping  factor  is  again  assumed  to  be  G  =  .03,  a  control  spring 
stiffness  at  least  equal  to  the  blade  torsional  stiffness  is  required  to 
avoid  flutter  in  the  second  cyclic  mode.  This  requirement  is  easily  met 
since  the  design  goal  at  present  is  for  a  stiffness  ratio  of  10:1  (flexi¬ 
bility  ratio  of  1:10). 

7*7*6  Model  1108  Flutter  Status 

The  rotor  1  lade  flutter  analysis  of  Reference  5  shows  that  no  single 
instance  of  flutter  was  found  to  exist  for  any  operating  condition  or 
any  moderate  variation  of  rotor  design  parameters.  The  principal  deter¬ 
rents  to  flutter  are  the  very  high  blade  and  control  spring  torsional 
stiffnesses  in  combination  with  a  blade  which  is  mass  balanced  near  the 
quarter  chord. 
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Figure  15.  Aerodynamic  Damping  Vareuc  Pitch-Flap  Coupling  (6^) 
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8.0  WEIGHT  AND  BALANCE  SHJDIES 


8.1  Weight  Studies 

The  final  weight  breakdown  for  the  Model  1108  is  the  result  of  the  para¬ 
metric  study,  with  the  limiting  factors  involved  by  the  use  of  actual 
hardware  engines,  plus  such  components  on  which  design  layouts  have  been 
completed. 


H>e  actual  weight  status  of  the  components  comprising  the  "fined"  empty 
weight  configuration  is  as  follows: 

Rotor  Group  (Blades,  retention,  hub).  Weights  calculated  from 

design  layouts  and  semi-detailed  drawings. 


Tall  Group  (Tail  rotor  and  stabilizer).  Weights  computed  by 

means  of  statistical  equations. 

Body  Group  (Primary  and  secondary  structure,  and  provisions 

for  equipment).  Weights  computed  by  means  of 
statistical  equations. 


Landing  Gear  Group  (Wheels,  struts,  mechanism).  Weights  computed  by 

means  of  statistical  equations. 

Flight  Controls  Group  (Cockpit  controls,  linkage  rotating  and  nonrotat¬ 
ing  items,  boost  systems,  and  tail  rotor  controls). 
Weights  computed  by  means  of  statistical  equations. 


Pylon  Group  (Rotor  support  structure  and  isolation  provisions). 

Weights  computed  by  means  of  statistical  equations. 

Engine  Section  Group  (Nacelle  fairing,  engine  mounts,  starting  system, 

provisions  for  oil  and  fuel  lines,  oil  coolers, 
inlet  and  exhaust  provisions,  engine  controls, 
electrical  provisions).  Weight  calculated  from 
layouts  and  semi-detailed  drawings. 


Engines  Weight  of  Continental  357-1  was  used  for  this  study. 

Fuel  System  Weight  of  fuel  system  was  computed  as  a  fixed  per¬ 

centage  of  fuel  required  for  the  mission. 


Auxiliary  Power  Units  Actual  weights  of  selected  units  were  used. 

(AiResearch  GTCP  100-54). 

Gearboxes  and  Drives  (Equipment  drives  and  gearboxes).  Weights  calcu 

lated  from  layouts. 
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Engine  Controls 
Starting  System 

Instrument  Group 

Electrical  Group 

Electronics  Group 

Furnishings  Group 


Weight  calculated  fran  layouts. 

(Lines,  valves,  and  ducts).  Weight  calculated  from 
design  layouts. 

(instrument,  installs  tier),  and  wiring  and  piping). 
Weights  evaluated  by  design  requirements. 

(Wiring,  relays,  inverters,  batteries,  etc.). 
Weights  evaluated  by  design  requirements. 

(Radios,  antennas,  intercom).  Weights  evaluated  by 
design  requirements. 

(Crew  seats,  belts,  reels,  pyrotechnics,  air  condi¬ 
tioning,  emergency  equipment).  Weights  computed  by 
means  of  statistical  equations. 


In  view  of  the  fact  that  the  primary  purpose  of  the  subject  study  was  to 
investigate  the  feasibility  of  the  tip  turbine  rotor  system  concept,  much 
design  time  was  utilized  in  "sizing"  the  rotor  group.  The  final  decision 
to  employ  a  four-blade,  eight- engine  rotor  configuration  was  dictated  by 
the  requirement  that  the  Continental  357-1  engine  (1700  pounds  thrust)  be 
utilized.  Therefore,  the  major  weight  study  effort  was  directed  toward 
the  satisfactory  preliminary  design  of  a  four-blade  rotor  system  utiliz¬ 
ing  the  most  efficient  design  techniques  and  the  optimum  combination  of 
structural  materials  available. 


After  numerous  design  studies  which  considered  combinations  of  steel, 
titanium  and  aluminum,  and  after  investigations  dealing  with  the  most 
efficient  chordwise  mass  distribution  for  providing  required  chordwise 
El  values,  the  following  blade  and  hub  construction  was  decided  on: 

Engine  Nacelles 

I  Engine  nacelle  skins 
Titanium  \  Engine  nacelle  firewall 

l  Engine -mount  installation 

(Center  body  and  supports 
Splice  plates 
Frames  and  doors 
Honeycomb  structures 
Channels  and  ducts 


Hub  Assembly 


Titanium 


(Bearings  -  pins  and  retainers 
Rotor  mast  and  gimbal  ring 
Hub  plates 
Center  shaft 
Retention  pins 
Drag  link  assembly 
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Blades 


Steel 


Gimbal  bearings 


Titanium 


Steel 


Aluminum 


Ribs  -  retention 

i/b  and  o/b  bearing  supports  -  retention 

Blade  retention  webs  and  supports  -  retention 

Leading  and  trailing  edge  buildup  -  retention 

Leading  edge  nose  cap  and  extrusion  -  retention 

Skins  and  nose  plates  -  retention 

Trailing  edge  skins  -  blade 

Trailing  edge  caps  -  blade 

Trailing  edge  extrusion  -  blade 

Blade  ribs  -  blade 

Leading  edge  skins  -  blade 

Root  end  tip  fittings  -  blade 

Leading  edge  cover  -  blade 
Bushings  and  bearings  -  retention 

Trailing  edge  core  -  retention 

Leading  edge  filler  -  blade 

Inner  sandwich  skin  -  trailing  edge  -  blade 

Core  -  blade 


8.2  Balance  Studies 

8.2.1  Rotor  Balance  Considerations 

In  selecting  a  type  of  rotor  system  to  fulfill  the  requirements  of  a 
heavy-lift  helicopter,  it  is  necessary  to  consider  the  size  of  rotor 
and  type  of  propulsion  employed.  In  the  case  of  the  subject  design, 
turbojet  engines  are  mounted  on  the  blade  tips  thereby  changing  the 
blade  mass  characteristics  from  those  considered  to  be  a  conventional 
system. 

In  a  rotor  system  of  the  size  proposed,  complexity  of  hub  and  flight 
controls,  and  hence  weight,  is  dictated  by  the  number  of  blades  in  the 
system.  In  this  regard  then,  the  rotor  with  the  minimum  number  of  blades 
will  be  the  optimum.  Further  to  this  selection,  a  study  had  to  be  con¬ 
ducted  regarding  the  merits  of  both  articulated  and  universally  mounted 
systems. 
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In  steady  flight  with  constant  angular  velocity,  thrust  and  centrifugal 
moments  are  equal  to  drag  moments  and  the  blades  are  in  equilibrium  in 
the  rotor  plane.  Theoretically,  at  this  stage  there  should  be  no  tendency 
for  dissimilarity  of  blade  geometry  within  the  system.  Each  blade  has 
identical  thrust,  drag,  and  centrifugal  forces  acting  upon  it;  and  the 
entire  system  is  balanced.  However,  if  one  or  two  engines  lost  power 
or  tailed  completely,  the  effect  on  the  system  would  be  to  upset  the 
balance  of  the  rotor,  and  the  blades  would  seek  new  equilibrium  positions. 

It  is  apparent  that  a  rotor  system  with  articulation,  free  to  hinge  about 
a  lag  axis,  would  rotate  about  that  axis  until  a  new  equilibrium  point  was 
reached,  which  in  this  case  would  be  the  drag  moments  being  balanced  by 
blade  centrifugal  moments  only.  In  order  to  determine  the  magnitude  of 
such  a  lag  angle  change,  a  generalized  equation  was  derived  from  inputs 
that  were  taken  from  the  rotor  geometry  in  a  one-blade  power  loss  condi¬ 
tion.  The  inputs  are  as  follows: 

The  equilibrium  equation  with  engines  out;  may  be  rated  as 
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Using  the  equation  to  investigate  the  effects  of  a  power  loss  indicates 
that  the  articulated  system  will  have  a  blade  angular  displacement  which 
produced  an  in-plane  unbalance  of  approximately  twelve  times  greater  than 
the  rigid  system.  The  elastic  deflection  due  to  one-  and  two-engine-out 
conditions  on  the  universally  mounted  rotor  produces  in-plane  of  the  bal¬ 
ance  forces  of  1,011  pounds  and  2,310  pounds,  respectively,  while  the  same 
conditions  of  the  articulated  rotor  produce  dorces  of  13>715  pounds  and 
27>^31  pounds.  By  virtue  of  this,  the  decision  was  made  to  eliminate  the 
articulated  system  from  further  study  and  adopt  a  universally  mounted 
rotor  system. 

8.2.2  Aircraft  Balance 

Experience  at  Hiller  Aircraft  Company  has  indicated  that  a  helicopter 
employing  a  universally  mounted  rotor  is  generally  at  a  disadvantage  when 
the  center  of  gravity  travel  is  compared  to  that  of  a  helicopter  with  an 
articulated  system.  However,  when  a  helicopter  of  the  size  of  the  Model 
1108  is  considered,  the  linear  center -of -gravity  travel  of  universally 
mounted  rotor  system  becomes  sufficiently  extensive  to  encompass  all 
loading  variations. 

Due  to  the  configuration  of  Model  1108,  it  is  readily  apparent  that  the 
load-carrying  capabilities  are  restricted  to  a  pod-type  cargo  slung  be¬ 
tween  the  fore  and  aft  landing  gears,  and  by  virtue  of  this  arrangement, 
the  cargo  center  of  gravity  may  always  be  confined  to  a  location  below 
the  centerline  of  rotation. 

For  purposes  of  balance  control,  it  is  considered  feasible  to  design  the 
fuel  system  center  of  gravity  to  coincide  with  the  centerline  of  rotation, 
thereby  minimizing  adverse  balance  effects  due  to  the  fuel  consumption. 

The  new  weight,  being  only  1.1  percent  of  the  empty  weight,  will  have  a 
negligible  effect  on  the  longitudinal  balance  and  need  not  be  considered 
further. 

In  order  to  eliminate  undesirable  balance  characteristics,  the  empty 
weight  balance  was  computed  so  that  the  center- of- gravity  in  the  empty 
condition  was  as  close  to  the  centerline  of  rotation  as  possible. 

The  total  available  center -of- gravity  range  as  computed  in  Reference  6 
indicates  that  12,7  inches  is  available  for  loading  variations.  It  is 
expected  that  this  range  will  be  expanded  with  the  incorporation  of  the 
rotor  spring  restraint  system. 

A  weight  and  balance  breakdown  showing  horizontal  and  vertical  centers  of 
gravity  has  been  compiled  and  indicates  the  feasibility  of  the  mission 
loading  within  the  confines  of  the  computed  center  of -gravity  range. 
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9.0  WIND-TUNNEL  STUDIES 


Wind-tunnel  tests  were  conducted  to  provide  design  information  which  would 
assist  in  the  design  of  a  turbojet  installation  at  the  tip  of  a  rotor  blade 
The  results  of  these  tests  are  presented  in  Reference  7  and  are  sumtiarized 
In  the  paragraphs  below. 

9-1  Engine  Stacking  Configurations 


The  tip  turbojet  wind-tunnel  studies  were  conducted  at  the  United  States 
Naval  Postgraduate  School,  Monterey,  California,  using  a  1/4  scale  par¬ 
tial  span  model  (Figure  17)  which  was  tested  at  Rjj  =  1.8  x  lCr.  The 
nacelle  test  configurations  were  mounted  on  a  short  blade  of  0015  airfoil 
section  which  was  attached  to  a  supporting  structure  outside  of  the  test 
section.  This  supporting  structure  allowed  freedom  of  movement  in  both 
the  pitch  and  yaw  planes  (Figure  18  )•  The  reference  pitch  axis  was  the 
blade  quarter  chord;  and, for  yaw  the  reference  axis  was  a  vertical  axis 
just  outside  of  the  tunnel  wall. 

The  loads  were  transmitted  from  the  nacelle  and  blade  through  strain- 
gage  balances  to  the  supporting  structure.  One  balance  was  mounted  in 
the  nacelle,  parallel  to  the  nacelle  axis,  and  measured  nacelle  forces 
only.  The  second  balance  was  mounted  in  the  wing  parallel  to  the  quarter 
chord  axis  and  measured  the  combined  forces  of  the  nacelle  and  wing. 

Static  pressure  taps  were  located  on  the  wing  and  on  the  forebody  and 
afterbody  of  all  nacelle  configurations  to  aid  in  the  evaluation  of  the 
wing  and  nacelle  lift  distribution. 

Three-engine  stacking  configurations  were  tested  through  a  range  of  pitch 
and  yaw  angles  to  determine  which  configuration  would  be  most  suitable 
for  a  tip  turbojet  nacelle.  The  nacelle  configurations  tested  were  a 
single  engine,  a  vertical  placement  of  two  engines,  and  a  side-by-side 
placement  of  two  engines.  The  single  engine  nacelle  was  sized  in  model 
scale  to  represent  the  geometric  proportions  of  the  Continental  J-69 
engine.  The  vertical  and  horizontal  multiple  engine  configurations  were 
also  patterned  to  enclose  the  J-69  engine. 

For  an  equivalent  installed  power,  the  single-engine  configuration  pro¬ 
duced  the  minimum  drag  and  net  integrated  side  force  of  all  three  config¬ 
urations. 

Of  the  two  multiple -engine  configurations,  the  over-under  engine  config¬ 
uration  had  a  higher  drag  coefficient  than  that  of  the  side-by-side  con¬ 
figuration.  It  had  in  addition  a  higher  side  force  coefficient.  This 
side  force  coefficient,  when  integrated  around  the  rotor  disk,  produces 
a  downstream  drag  force  which  adds  to  the  overall  power  required.  The 
vertical  configuration,  while  exhibiting  higher  drag,  was  nevertheless 
selected  for  the  design  layout  studies  due  to  considerations  of  structural 
mounting,  weight, and  improved  inlet  flow  conditions. 
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9-2  Nacelle  Inlet  Configuration 


Four  single  nacelle  configurations  were  tested.  They  are  identified  as 
1-40-100,  1-40-115,  1-40-130, and  1-50-100.  Figure  19  shows  cross  sec¬ 
tions  of  these  nacelles,  illustrating  their  relative  size  and  common 
dimensions.  The  above  code  numbers  identify  the  forebody  contour  which, 
along  with  the  ordinates  of  the  nose  shape,  are  based  on  data  taken  from 
NACA  Report  No.  920.  The  afterbody  contours  (aft  of  the  maximum  diameter) 
are  identical  for  all  nacelles  and  are  based  on  data  for  a  modified  NACA 
111  body  taken  from  NACA  TR  1038. 

Two  centerbody  inlet  shapes  were  tested  with  nacelle  1-50-100  only.  This 
nacelle  shape  was  selected  to  give  the  same  inlet  area  with  the  center- 
body  installed  as  the  -40  series.  One  centerbody  was  a  conical  shape  and 
the  other  an  NACA  1-30-40  series  spinner.  Each  engine  inlet  had  a  total 
pressure  survey  rake  for  measuring  compressor  inlet  velocity  profile  and 
net  inlet  pressure  recovery. 

At  nominal  pitch  angles  (less  than  6°)  and  zero  yaw  angl^  the  inlet  flow 
conditions  for  all  configurations  are  acceptable.  As  the  nacelle  is 
yawed,  the  distribution  becomes  more  distorted  and  the  inlet  losses  rapidly 
increase.  As  would  be  expected,  the  side-by-side  engine  configuration 
as  compared  to  the  over/under  configuration  shows  the  lowest  losses  in 
pitch  (otmax  =  12°)  and  the  highest  losses  in  yaw  (Pmax  =  20°).  In  posi¬ 
tive  pitch  attitudes, the  bottom  engine  has  the  best  flow  distribution  and 
in  right  and  left  yaw  attitude^  the  upstream  engine  of  the  side-by-side 
configuration  always  exhibits  the  best  flow  conditions.  Since  the  inlet 
losses  increase  rapidly  with  both  pitch  and  yaw  angle,  it  is  desirable  to 
favor  the  configuration  whose  critical  distortion  plane  has  the  least  in¬ 
let  flow  angle  change.  The  maximum  inlet  flow  angle  in  pitch  is  a  =  12° 
and  in  yaw,  for  an  assumed  value  of  |i  =  -364,  P  =  20  .  Therefore,  the 
over/under  configuration  shows  a  lower  integrated  inlet  loss  and  a  more 
favorable  velocity  distribution.  The  addition  of  either  centerbody  im¬ 
proved  the  inlet  flow  conditions  such  that  acceptable  velocity  profiles 
and  low  inlet  losses  were  maintained  throughout  the  full  pitch  and  yaw 
range. 

9*3  Nacelle  Drag  -  Measured  Versus  Predicted 

Since  the  results  of  the  wind-tunnel  program  were  not  available  early 
enough  to  be  used  in  the  parametric  study,  it  was  necessary  to  use  data 
which  was  available  from  NACA  tests  and  reference  texts.  A  conservative 
drag  polar  was  selected  and  this  drag  polar  was  applied  to  the  pitch  and 
side-slip  angles  independently  as  a  sinplifying  conservative  assumption. 

A  coaparison  of  the  nacelle  drag  coefficients  from  wind-tunnel  data  to 
those  used  in  the  parametric  study  are  shown  in  Figures  20  through  22 
for  two  single  nacelle  configurations,  a  twin  over/under  nacelle  and  a 
twin  side-by-side  nacelle,  respectively.  In  order  that  the  effect  of 
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both  yaw  and  pitch  on  drag  can  be  seen,  separate  graphs  are  presented 
where  alternate  angles  are  held  constant  and  the  other  varied. 

The  results  of  this  comparison  show  that  the  drag  of  the  wind-tunnel 
models  is  approximately  double  that  used  in  the  parametric  study  for  the 
entire  a  range  and  the  positive  0  range.  The  fact  that  the  drag  coeffi¬ 
cient  curve  for  varying  yaw  angle  is  not  symmetrical  about  0  =  0,  as  as¬ 
sumed  in  the  parametric  study,  is  due  to  the  presence  of  the  rotor  blade 
on  the  inboard  side  of  the  nacelle. 

As  a  result  of  engine  mount  studies  and  the  desire  to  maintain  minimum 
nacelle  volume  and  weight,  the  maximum  thickness  of  the  blade  and  nacelle 
fell  at  approximately  the  same  blade  chordwise  station.  The  combined 
diffusion  along  the  aft  end  of  the  nacelle  and  blade  caused  local  separa¬ 
tion  and  excessive  drag.  This  had  the  same  effect  as  though  the  jP/D  of 
the  nacelle  were  too  small  and  large  increases  in  drag  resulted  (Fig¬ 
ure  23). 

The  results  of  the  tunnel  tests  define  the  character  of  the  nacelle  drag 
and  the  problem  areas,  and  should  not  be  considered  to  be  the  final  con¬ 
figuration  or  the  lowest  achievable  drag  coefficient.  The  drag  coeffi- 
clsitsasused  in  the  parametric  study  are  achievable  as  shown  from  the 
data  presented  in  Figure  23  This  source  data  is  taken  from  the  text 
Fluid  Dy  antic  Drag  by  Hoerner  and  is  based  on  tests  of  similar  shapes, 
fineness  ratio,  and  Reynolds  Number.  Based  on  a  comparison  against 
Reynolds  Number  (Figure  2U)  a  similar  reduction  in  drag  coefficient  is 
evident . 

The  necessary  area  of  nacelle  redesign  as  noted  from  the  tuft  flow  photo¬ 
graphs  is  the  juncture  between  the  nacelle  and  wing.  The  flow  in  this 
area  is  largely  separated  due  to  the  three-dimensional  diverging  flow 
angle,  caused  by  the  simultaneous  curvature  of  the  nacelle  and  blade. 

It  is  felt  that  further  tests  using  a  "speed  pod" -type  fairing,  boundary 
layer  control  utilizing  the  engine  exhaust  for  pumping  power,  or  vortex 
generators  will  reduce  the  separated  area  to  a  minimum  and  bring  the  drag 
coefficient  below  the  predicted  values. 
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Figure  l8a. Model  Positioned  in  Test  Section 


Figure  l8b .Model  Support  Structure. 


1-1*0-100  Nacelle 


1-40-115  Nacelle 


1-40-150  Nacelle 


Notes : 

^  Afterbody  contour  Identical  all  nacelles*  See  Fig.  11, 
^  1-40  forebody  contour.  See  Figure  9* 
p  Internal  dimensions  identical  all  nacelles.  See  Fig.  6. 


Figure  19a.  Single  Nacelle  Coiqparisons. 


T 

3.75 


1-40-100  Nacelle 


1-50-100  Nacelle 


Notes : 


Afterbody  contour  identical  all  nacelles.  See  Figure  11. 
J’jq  j  fOrebody  contour.  Bee  Figure  9* 

Internal  dimensions  identical  all  nacelles.  See  Figure  6. 
Center'  ody  profiles  detailed  on  Figure  12. 


Figure  19bi  Single  Nacelle  Comparisons. 
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23.  Drag  Coefficient  Versus  Length/Di aneter  Batio 


10.0  PERFORMANCE  ANALYSIS  -  MODEL  1108 


The  performance  calculation  methods  utilized  for  the  Hiller  Aircraft 
Model  1108  tip  turbojet-powered  helicopter  are  consistent  with  standard 
rotary  wing  industry  performance  procedures  (Reference  11 )  with  the 
exception  of  the  determinations  of  main  rotor  profile  power,  power 
available,  and  the  tail  rotor  power.  These  items  were  necessarily  altered 
to  reflect  the  use  of  tip  turbojet  propulsion. 

The  standard  main  rotor  profile  power  term  was  obtained  by  calculating  the 
hover  profile  power  and  then  multiplying  by  JJj*,  which  increases  the  hover 
profile  power  to  account  for  the  differential  velocity  on  the  advancing 
and  retreating  blades  during  forward  flight.  The  nacelle  profile  power 
term  was  calculated  in  a  similar  manner,  except  that  the  factor 
includes  not  only  the  increase  in  profile  power  due  to  the  differential 
velocity,  but  also  that  due  to  the  integrated  side  load  on  the  nacelle. 

The  total  prof ila  power  for  the  tip  tui uojet  rotor  was  thus  obtained 
by  adding  the  standard  blade  profile  term  to  the  similar  nacelle  term. 

The  power  available  was  calculated  by  the  equation: 

FnVTn  V^Wn 
Av  '  550  32.2(1100) 

where: 

*  Engine  net  thrust  at  V<pv  as  supplied  by  the  manufacturer 

n  =  Number  of  engines  operating(eight  engines  operating  for  all 

performance) 

V  *  Freestream  helicopter  velocity 
VT  =  Tip  speed  (for  hover  or  forward  flight) 

W„  =  Engine  air  flow  as  supplied  by  the  manufacturer 

a 

The  second  term  in  the  available  horsepower  equation  is  the  rotor  ram 
drag  horsepower.  This  is  obtained  by  integrating  over  one  revolution 
the  drag  component  of  the  radial  force  caused  by  turning  the  engine 
air  flow  through  the  yaw  angle  of  attack. 

The  tail  rotor  on  a  tip-driven  helicopter  is  required  basically  for  ma- 
netfrering  rather  than  for  torque  compensation  of  the  main  rotor.  The  tail 
rotor  power  is,  therefore,  a  very  small  percentage  of  the  total  power  and 
for  simplification  was  added  as  a  constant  value  in  the  miscellaneous 
power  term. 

Main  rotor  tip  stall  and  compressibility  calculations  were  performed 
using  the  standard  methods.  The  nacelles  have  been  designed  with  a 
critical  Mach  number  versus  angle  of  attack  curve  which  is  less  restricting 
than  that  of  the  NACA  001  ■;  airfoil  main  rotor  blades. 
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The  performance  summary  data  listed  in  Table  8  were  calculated  using  a  tip 
speed  of  650  feet  per  second  and  an  A,,  value  of  200  square  feet  except 
as  noted. 


11.0  STABILITY  AND  CONTROL  STUDIES 


The  purpose  of  the  analysis  reported  herein  was  to  evaluate  the  feasi¬ 
bility  of  the  tip  turbo  concept  from  a  stability  and  control  standpoint. 

A  crane  configuration  fuselage  was  mated  to  the  Model  11 08  rotor  system 
as  a  model  for  analysis.  This  helicopter  configuration  was  not  intended 
as  an  optimum  design,  but  as  a  realistic  configuration  suitable  for  eval¬ 
uating  the  flying  characteristics.  This  configuration  was  evaluated  from 
hover  to  108-1/2  knots  for  both  the  design  gross  weight  and  the  return 
mission  gross  weight. 

The  Military  Specification  for  Helicopter  Flying  Qualities  (MIL-H-85OIA) 
was  used  as  a  guide  for  stability  and  control  criteria.  Specific  items 
checked  against  this  specification  were:  control  position  and  body 
attitude  as  a  function  of  forward  speed;  body  attitude  response  at  hover; 
maneuver  response  at  hover  and  forward  speed;  response  to  artificial 
disturbance  at  forward  speed;  and  stick-fixed  dynamics.  All  of  the 
requirements  were  met  or  exceeded.  In  many  cases  the  Model  1108  was  com¬ 
pared  to  additional  criteria,  other  than  MIL-H-85OIA,  which  were  felt  to 
be  more  applicable  to  a  heavy -lift  helicopter.  Control  power  criteria, 
used  as  a  design  objective  for  this  report,  far  exceeds  the  requirements 
of  MIL-H-85OIA. 

All  of  the  analysis  is  shown  for  the  helicopter  configuration  alone, 
with  no  addition  of  stability  augmentation.  While  augmentation  is  not 
required  to  satisfy  the  criteria,  it  is  shown  that  augmentation  will  be 
required  to  achieve  preferred  handling  qualities. 

11.1  Configuration  Description 

The  stability  and  control  analysis  was  based  on  the  configuration  shown 
on  Figure  2^  This  configuration  is  not  intended  to  be  the  optimum  heli¬ 
copter  design  for  the  Model  1108  rotor  system.  It  was  selected  to 
provide  a  realistic  configuration  for  stability  and  control  analysis.  The 
dimensions  and  characteristics  are  summarized  below: 

Main  Rotor: 


Airfoil  section  (constant)  .  .  . NACA  0015 

Chord  (constant),  ft .  6.5 

Diameter,  ft  .  .  . .  111.8 

Number  of  blades .  4 

Solidity .  0.148 

Tip  speed,  ft/sec  -  Hover .  650 

-  Cruise .  600 

Twist,  degrees  .  10 

Type . Teetering 
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Collective  pitch  movement,  degrees  .  15 

Lateral  cyclic  movement,  degrees  ...  .  ,  .  »  12 

Longitudinal  cyclic  movement,  degrees  .  12 

Spring  restraint  per  blade,  lb-ft/rad . 374,000 

Tail  Rotors:  (characteristics  per  rotor) 

Chord  (constant),  ft.  ......  .  O.98 

Diameter,  ft .  8.0 

Moment  arm,  ft.  (main  rotor  hub  to  tail  rotor  ^_  ).  .  .  38*0 

Number  of  blades . 5 

Number  of  tail  rotors  (See  Figure  25  for  arrangement).  2 

Solidity .  0-39 

Tip  speed,  ft/sec.  . .  65O 

Twist,  degrees  .  0 

Collective  pitch  movement,  degrees  .  +11,-9 

Stabilizer; 

Area,  ft2 .  48.0 

Aspect  ratio  .  . .  3 

Chord  (constant),  ft .  4.0 

Incidence,  degrees  .  0 

Moment  arm,  ft.  (main  rotor  hub  to  stabilizer 

quarter  chord)  .  31*2 

Span,  ft .  12.0 

Fuselage: 

2 

Equivalent  flat  plate  area,  ft 

Including  cargo  pod .  200 

Cargo  pod  removed . 100 

Tip  Turbo  Engines: 

O' 

Inlet  area,  ft  (both  engines) . 2.08 

♦Lift  curve  slope  of  nacelle,  (dC^/^oOijip  per  rad.  ...  4.5 

Mounting  .  ......  .  Over-Under 

Number  of  engines  per  blade  .  2 

♦Profile  drag,  CdTT . . . 282+4. 125a2 

Mass  Properties 


♦  Based  on  inlet  area. 
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Blade  mass  properties,  per  blade: 
(including  effect  of  engines  at  blade  tip) 


Mass,  slugs .  108.7 

Distance  of  c.g. outboard  of  hub,  ft.  ^  .  29. k 

Flapping  moment  of  inertia  about  hub,  slug-ft  ....  138,700 


Helicopter  mass  properties: 

(See  Table  9* ) 

11.2  Compliance  with  MIL-H-85OIA 
Longitudinal  Trim  Conditions 

The  Model  1108  has  adequate  control  power  to  provide  trimmed,  level  flight 
over  the  desired  speed  range.  A  reasonable  body  attitude  is  maintained  at 
all  speeds,  and  sufficient  margin  of  control  is  available  for  maneuvering. 

Longitudinal  cyclic  position  and  fuselage  attitude  are  shown  in  Figure  26 
for  level  forward  flight.  The  curves  are  smooth,  with  no  objectionable 
reversal  in  slope.  The  most  critical  condition  for  control  margin  is 
trimmed  level  flight  at  maximum  speed,  with  the  aft  center  of  gravity 
loading.  Two  degrees  of  control  travel  are  available  beyond  trim  at  this 
flight  condition.  This  provides  a  margin  of  20  percent  of  the  available 
control  in  hovering. 

The  slope  of  the  cyclic  control  position  is  stable  over  the  desired 
speed  range  for  the  normal  gross  weight.  The  light  gross  weight  has  a 
stable  slope,  except  for  a  small  region  of  neutral  stability  from  hover 
to  20  knots  forward.  Control  force  stability  with  respect  to  speed 
follows  as  a  consequence  of  the  control  position  stability  through  the 
use  of  an  irreversible  control  system. 

Pitch  Attitude  Response  at  Hover 

The  response  to  control  input  has  been  designed  to  provide  desirable 
handling  qualities.  In  order  to  achieve  the  desirable  characteristics, 
it  was  necessary  to  include  a  spring  system  to  restrain  the  flapping  mo¬ 
tion  of  the  main  rotor  blades.  A  spring  restraint  of  37^,000  foot-pounds 
per  radian  per  blade  was  found  adequate.  This  amount  of  spring  restraint 
is  equivalent  to  a  flapping  hinge  offset  of  l-l/2  percent  of  blade  radius. 
The  resulting  design  provides  attitude  response  characteristics  which  ex¬ 
ceed  the  requirements  of  MIL-H-85OIA  (Reference  12).  The  control  power 
criteria,  used  as  the  design  objective,  is  discussed  in  Section  11. 3# 

Table  ID  compares  the  Model  1108  response  with  the  Requirements  of  Reference 

12. 
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Stability  Analysis  Model. 


I 


(Does  not  include  effect 
of  spring  restraint) 


Velocity  (knots) 


TABLE  10 

PITCH  ATTITUDE  RESPONSE 
(HOVER  IN  STILL  AIR,  SEA  LEVEL,  MTD  c.g.) 

Gross 

Weight 

(lfc) 

Lc.igitudlnal 
Cyclic  Stick 
Input 

Angular  Displacement  in  Pitch 
at  the  End  of  One  Second 

Model  1106 
Aalt(Deg.) 

MIL-H-85OIA  Requirement 
Aa^Deg.) 

39,200 

71,700 

*71,700 

One  inch 
displacement 
from  trim. 

4.6 

4.6 

5.6 

m 

Acr  =  -= — — - 

1  VW(fl000 

39,200 

71,700 

*71,700 

Maximum 
displacement 
from  trim. 

26.8 

26.7 

32.1 

CVl 

... 
u-\-*  -d- 

AO,  = 

wGnooo 

•Load  suspended  from  c.g.  by  sling.  (All  other  conditions  have 
rigidly  attached  load.) 


Longitudinal  Maneuver  Control 

The  Model  1108  satisfies  the  maneuver  stipulations  of  MIL-H-85OIA  for 
hover  and  forward  speed.  These  requirements  specify  the  point  of  in¬ 
flection  in  time  histories  of  normal  acceleration  and  singular  velocity 
following  step  control  displacements. 

Longitudinal  Response  to  Artificial  Disturbance 

The  response  to  an  artificial  input  indicates  the  pilot  should  have 
adequate  time  for  corrective  action  following  an  attitude  disturbance. 

The  MIL-H-85OIA  requirement  specifies  the  maximum  deviation  of  normal 
acceleration  from  the  steady  trim  value,  due  to  an  impulse  control  input. 

Longitudinal  Stick-Fixed  Dynamics 

The  longitudinal  stick-fixed  dynamics  satisfy  the  requirements  of  Refer¬ 
ence  12  without  the  aid  of  stability  augmentation.  Some  stability  augmen¬ 
tation  will  be  required  to  achieve  desirable  handling  qualities  beyond 
the  basic  requirements  of  Reference  12  (MIL-H-8501A). 

The  dynamic  behavior  has  been  determined  by  examining  the  roots  of  the 
characteristic  equation  of  the  longitudinal  dynamics.  Table  11  presents 
the  roots  of  the  characteristic  equation,  plus  the  time  and  number  of 


86 


TABLE  11 

STICK-FIXED  LONGITUDINAL  DYNAMICS 
(LEVEL  FLIGHT  AT  SEA  LEVEL) 


8? 


T  f  -2.5022  -  -  .277  -  - _ - _ Not  Applicable 

-.00949  .2531  26.9  75.0  -  2.71  T  t2x  >  10  sec. 

71,700  Aft  108.5  -1.6294  1.7934  3.50  .425  -  .125  -  c|x  =  2 

-2.3631  -  -  .293  -  Not  Applicable 


cycles  to  double  or  half  amplitude.  The  requirements  of  Reference  12 
are  included  for  comparison.  The  modes  of  motion  are  presented  for  hover, 
maximum  speed,  and  an  intermediate  speed,  for  both  the  light  and  fully 
loaded  gross  weights.  The  data  is  presented  for  the  nominal  center  of 
gravity,  with  the  addition  of  one  aft  center  of  gravity  point  for  com¬ 
parison.  All  of  the  short  period  and  aperiodic  roots  are  well  damped. 

The  long  period  roots  are  either  lightly  damped  or  slowly  divergent. 
Reference  12  allows  some  divergence  for  the  long  period  roots,  if  the 
time  to  double  amplitude  is  greater  than  10  seconds.  The  time  to  double 
amplitude  for  the  divergent  roots  far  exceeds  this  requirement. 

Roll  Response  at  Hover 

The  roll  angle  response  in  hover  is  similar  to  the  pitch  attitude  re¬ 
sponse  in  hover.  The  spring  restraint  system  affects  the  roll  and  pitch 
axes  equally,  except  for  the  difference  in  fuselage  inertias.  Table  12 
compares  the  Model  1106  roll  response  with  the  requirements  of  Reference 
12. 


TABLE  12 

ROLL  ANGLE  RESPONSE 

(HOVER  IN  STILL  AIR,  SEA  LEVEL,  MID  C.G.  ) 


Gross 

Lateral 

Angular  Displacement  in  Roll 
at  the  End  of  l/2  Second 

Weight 

(lb.) 

Cyclic  Stick 
Input 

Model  1108 
A^,(Deg.) 

MIL- H- 8501 A  Requirement 
A^,(Deg.) 

39.200 

One -inch 

1.8 

0.8 

^WG+1000 

71,700 

displacement 

l.k 

0.6 

*71,700 

from  trim. 

2.1 

0.6 

39,200 

71,700 

Maximum 

displacement 

1 

2.k 

1.9 

*71,700 

from  trim. 

1.9 

*Load  suspended  from  c.g.  by  sling.  (All  other  conditions  have 
rigidly  attached  load. ) 


Directional  Response  at  Hover 

The  yaw  angle  developed  after  one  second  of  step  rudder  pedal  input  is 
given  in  Table  13  on  the  following  page.  The  change  in  yaw  angle,  required 
by  Reference  12,  is  also  indicated.  The  required  yaw  angle  is  achieved 
for  each  condition,  although  the  response  for  one-inch  pedal  input  is 
marginal. 
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TABLE  13 

YAW  ANGLE  RESPONSE 
(GROSS  WEIGHT  =  71,700  LB.) 


Rudder 

Wind 

Condition 

Angular  Displacement  m  Yaw 
at  the  End  of  1  Second 

Pedal 

Input 

Model  1108 
A+ ,  (Deg- ) 

MIL-H-85OIA  Requirement 
A*,  (Deg.  ) 

Full  left 
pedal. 

If  II  It 

No  wind. 

35-knot  wind 
from  right. 

-11.8 

-k.3 

-7.9  | 

-2.6 

A«-  »C 

^WG+1000 

11c 

A*  -  Xj - 

^wGnooo 

1  inch  left 

No  wind. 

-2.9 

-2.6 

I\ill  right 
pedal. 

No  wind. 

35-knot  wind 
from  left. 

10.3 

3-2  . 

7.9 

2.6 

A.  - 

/o'wjncoc 

* 

A *  =  - 

WG  +1000 

1  inch  right 

No  wind. 

2.k 

2.6 

Lateral-Directional  Stick-Fixed  Dynamics 

The  lateral-directional  behavior  has  been  determined  in  the  same  manner 
as  classical  fixed-wing  airplane  stability.  Three  degrees  of  freedom 
have  been  considered:  roll,  yaw,  and  sideslip.  The  equations  of  motion 
combine  to  form  a  fourth  order  characteristic  equation  of  the  lateral- 
directional  dynamics.  The  roots  of  this  equation  correspond  to  the 
following  modes  of  motion: 


Hover: 

a. 

Long  period  roll  oscillation 

b. 

Aperiodic  yaw  mode 

c. 

Aperiodic  roll  mode 

Forward  Speed: 

a. 

Dutch-roll  oscillation 

b. 

Aperiodic  spiral  mode 

c. 

Aperiodic  roll  mode 

The  characteristics  of  these  modes  are  presented  in  Table  Ik  for  the  light 
and  normal  gross  weight  loadings.  The  speed  range  is  covered  by  three 
flight  conditions.  All  of  the  conditions  are  for  the  mid  renter-of -gravity 
loading.  The  aft  center-of-gravity  loading  is  also  shown  at  maximum  speed 
for  comparison.  Table  lk  shows  all  of  the  modes  to  be  stable,  except  for 
the  long  period  hover  mode  for  the  fully  loaded  gross  weight.  Each  mode 
is  more  fully  discussed  in  the  test  following  the  table. 
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-  TABLE  Ik 

STICK- FIXED  LATERAL- DIRECTIONAL  DYNAMICS 
(LEVEL  FLIGHT  AT  SEA  LEVEL) 

Mode 

*bong  period  roll  oscii. 
Yaw 

Roll 

Dutch  roll 

Spiral 

Roll 

Dutch  roll 

Spiral 

Roll 

♦Long  period  roll  oscil. 
^aw 

Roll 

Dutch  roll 

Spiral 

Roll 

Dutch  roll 

Spiral 

Roll 

Dutch  roll 

Spiral 

Roll 

s  obtained  from  longitudinal  equations  of  motion  "by  substituting  roll  inertia  for 
(All  other  roots  obtained  from  lateral-directional  equations  of  motion.) 

X 

CM 

Cl 

1  1  1 

1  1  • 

1  1  1 

^  1  1 
• 
rH 

1  1  1 

1  1  1 

1  1  1 
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V 

VO 

•  i  i 

On 

rH 
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On 

vo 

or  i  i 
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oo  i  i 

KN 

• 

IfN 
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IfN 

• 
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O  1  i 
-3- 
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CM 

-P 

• 

O 

<u 
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t- 

d  i  i 

CM 
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1  1  1 
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X 

• 

o 

a; 

CO 

VO 
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00  CM  rfN 
-4-  ir\  kn 

CM  •  • 
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Long  Period  Roll  Oscillation  in  Hover 


This  mode  is  the  lateral  counterpart  to  the  long  period  oscillation  occur¬ 
ring  in  the  longitudinal  motion.  As  in  the  longitudinal  case,  it  is  a 
function  of  speed  stability  and  angular  velocity  damping. 

There  is  no  direct  military  specification  requirement  for  the  damping  of 
this  mode.  The  requirement  of  paragraph  3.2.11  of  Reference  12  is  the 
only  related  reference  to  dynamic  characteristics.  This  requirement 
applies  to  longitudinal  behavior  in  forward  flight,  but  may  be  considered 
applicable  to  the  closely  related  roll  mode.  It  states  that  for  long 
period  oscillations  (10-  to  20-second  periods),  the  oscillation  may  be 
divergent,  but  double  amplitude  shall  not  be  achieved  in  less  than  10 
seconds . 

Table  14  shows  this  motion  to  be  lightly  damped  for  the  light  gross  weight. 
The  motion  is  divergent  for  the  fully  loaded  configuration,  but  requires 
20.7  seconds  to  achieve  double  amplitude.  The  behavior  of  the  long  period 
hover  oscillation  therefore  appears  to  be  satisfactory. 

Aperiodic  Yaw  Mode  in  Hover 

This  mode  corresponds  to  the  yaw  rate  damping  in  hover.  Paragraph  3- 3* 19 
of  Reference  12  states:  "The  yaw  angular  velocity  damping  should  prefer¬ 
ably  be  at  least  27 ( Iz ) ' ^  foot  pounds  per  radian  per  second."  Table  15 
compares  the  yaw  damping  for  the  Model  1108  with  this  requirement. 


TABLE  15 

YAW  RATE  DAMPING  IN  HOVER 

MIL- H- 8501 A  Requirement 

Gross 

Weight 

27dzr7 

27(1  )*T 

2 

1 

z 

Model  1108 

lb. 

ft.. -lb. 
rad. /sec. 

Yaw  Damping 
per  Sec. 

Yaw  Damping 
per  Sec. 

39,200 

7^,100 

.91 

1.31 

71,700 

95,500 

.81 

.80 
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Aperiodic  Roll  Mode  in  Hover  and  Forward  Speed 


This  mode  corresponds  to  the  roll  rate  damping.  Reference  12  has  a  require¬ 
ment  for  the  amount  of  this  damping  in  hover.  The  requirement  for  flight 
at  forward  speed  is  not  specified.  Table  lt>  shows  these  minimum  require¬ 
ments  to  be  easily  satisfied. 


TABLE  l6 

ROLL  RATE  DAMPING 

Gross 

Weight 

Velocity 

MIL-H-8501A 

Requirement 

Model  1108 

i8(rx)-7 

i8(ixr7 

I 

X 

lb. 

knots 

ft. -lb. 

roll  damping 
per  sec. 

roll  damping 
per  Sec. 

39,200 

0 

kf,00G 

.62 

2.06 

I 

60.0 

N.A. 

N.A. 

2.65 

i 

108.5 

N.  A. 

N.A. 

1.78 

71,700 

0 

85,000 

.48 

1.18 

1 

60.0 

N.A. 

N.A. 

1.69 

1 

108.5 

N.A. 

N.A. 

1.22 

Spiral  and  Dutch  Roll  Modes  at  Forward  Speed 

There  is  no  requirement  for  the  behavior  of  these  modes  in  Reference  12. 
Reference  14  provides  recommended  requirements  for  lateral-directional 
handling  qualities.  These  requirements  are  recommended  for  inclusion 
in  military  specifications  for  helicopters  intended  for  instrument  flight. 

The  requirements  recommended  by  Reference  1^  page  19;  for  dutch-roll  and 
spiral  mode  behavior  are  as  follows: 

a.  "At  landing  approach  speeds  and  above,  the  lateral  oscillation  known 
as  dutch  roll  shall  be  well  enough  damped  to  lie  on  the  favorable 
side  of  the  acceptable -marginal  boundary  of  'Figure  5  herein.'  It 
shall  in  no  case  be  less  than  corresponds  to  half  amplitude  in  two 
cycles." 


b.  "A  spiral  divergence  shall  in  no  case  be  Strother  than  corresponds 
to  double  amplitude  in  ^  seconds.  Although  convergence  in  this 
mode  is  desirable,  slow  divergence  is  permitted,  provided  the  dutch- 
roll  damping  is  sufficient." 

The  Model  1103  dutch-roll  and  spiral  modes,  listed  in  Table  14,  are  sum¬ 
marized  below.  The  dutch- roll  mode  shows  more  damping  than  the  minimum 
recommended  requirement.  The  dutch-roll  oscillation  converges  to  half 
amplitude  in  well  under  two  cycles.  The  spiral  mode  is  stable  at  both 
speeds  investigated. 

The  spiral  and  dutch-roll  characteristics  fall  in  the  "marginal'  region 
of  the  applicable  "Figure  p"  of  item  a.  This  demonstrates  that  although 
the  basic  configuration  is  flyable  without  augmentation,  stability  aug¬ 
mentation  will  be  required  to  provide  acceptable  handling  qualities. 


Cycles  to 
half  ampli 
tude,  ci 


Figure  27*  Dutch-Roll  Mode. 


Spiral 
root, 
per  sec. 
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11. 3  Increased  Control  Requirements  for  Heavy-Lift  Helicopters 


The  control  power  requirements  of  Reference  12,  are  felt  to  be  unrealistic 
for  heavy-weight  helicopters.  This  military  specification  states  control 
power  requirements  in  terms  of  a  minimum  allowable  displacement  of  heli¬ 
copter  attitude  resulting  from  a  step  control  application.  The  required 
attitude  displacement  is  given  by: 


or 


**1 

A^ 


K 

W  +  1000 


degrees 


where  K  depends  on  the  magnitude  of  control  input  and  the  axis  of  interest. 
This  formula  has  provided  an  adequate  criteria  as  a  function  of  gross 
weight  for  nominal  weight  helicopters,  but  is  not  adequate  for  very  heavy 
gross  weights. 


The  angular  acceleration  due  to  a  gxven  control  input  is  considered  to  be 
a  more  basic  criteria.  Since  the  angular  acceleration  is  determined  by 
dividing  the  control  moment  by  the  helicopter  inertia,  weight  effects  are 
inherently  accounted  for.  Preferred  levels  of  angular  acceleration  and 
damping  have  been  determined  from  helicopter  flight  test,  and  are  pre¬ 
sented  in  Reference  lb.  This  information  has  been  used  as  a  design 
objective  for  the  Model  1108.  The  Reference  1^  boundaries  will  next  be 
substantiated  by  comparison  with  additional  RASA  references.  The  Model 
1108  characteristics  will  then  be  compared  with  the  Reference  1^  boundaries 
and  the  requirements  of  MIL-H-8501A. 

Comparison  of  Pilot  Opinion  Boundaries 

Pilot  opinion  boundaries  for  roll  and  pitch  handling  qualities  are  shown 
in  Figures  293*1^  30.  These  boundaries  were  taken  from  three  separate 
NASA  studies,  described  below. 

Reference  1^,  NASA  TN  P-58:  A  flight  test  research  program  conducted 
with  the  S-51  helicopter.  The  boundaries  are  related  to  character¬ 
istics  for  visual  and  instrument  flight  operations. 

Referenced,  NASA  TN  D-792:  A  piloted  simulator  investigation 
to  establish  attitude  control  requirements  for  hovering  flight. 
Boundaries  are  given  in  terms  of  the  "Cooper  Pilot  Opinion  Rating 
System. " 

Reference  1^  NASA  TN  D-1328:  A  flight  test  program  conducted  with 
the  X-lUA  VTOL  research  vehicle  to  establish  handling  qualities  require¬ 
ments  during  hovering  under  visual  flight  conditions.  Boundaries  are 
given  in  terms  of  the  "Cooper  Pilot  Opinion  Rating  System." 


A  direct  comparison  of  these  pilot  opinion  boundaries  is  not  possible 


because  of  the  differences  in  test  vehicles  and  rating  systems.  The 
latter  tvo  references  relate  to  handling  qualities,  generally,  whereas 
the  first  reference  differentiates  between  instrument  and  visual  flight 
operations.  Regardless  of  the  cited  differences  existing  in  the  three 
references,  the  latter  two  references  do  substantiate  the  preferred  level 
of  control  power  established  by  the  first .  One  exception  to  this  is  the 
low  level  of  control  power  indicated  by  Reference  l6  for  the  pitch  axis. 

No  apparent  reason  is  available  for  this  discrepancy. 

It  seems  reasonable  to  interpret  the  "desirable"  (good  handling  qualities 
for  instrument  flight  operations)  boundary  of  Reference  l^as  indicative  of 
preferred  characteristics  for  precision  visual  flying.  This  should  be  an 
optimum  criteria  for  design,  and  was  used  as  a  design  objective  for  the 
Model  1108. 

Model  1108  Control  Power 


Model  1108  control  power  and  damping,  for  several  loading  conditions,  are 
shown  on  Figures  31  through  3^+*  Also  shown  on  these  figures  are  pilot 
opinion  boundaries  of  NASA  TN  D-58,  and  curves  corresponding  to  the 
requirements  of  MIL-H-85OIA,  are  derived  as  follows: 


For  a  single  degree  of  freedom  system  with  rate  damping  and  a  step  input 
forcing  function,  we  have. 


where. 


for 


6*^[e<D)t-  o*-1] 

5  =  angular  displacement  at  time,  t. ,  radians. 

2 

F  =  magnitude  of  step  input  forcing  function,  rad/sec  . 

D  =  rate  damping,  rad /sec  =  1 

rad /sec  sec* 

t  =  time  from  initiation  of  step  input,  seconds. 


6  = 


1 

57-3 


(' 


K  _ 

+  1000 
K 

^/TTTood 


■  ,  deg.,  from  MIL-H-85OIA,  we  have 


This  equation  provides  a  relationship  of  damping  versus  control  power, 
at  constant  gross  weight,  corresponding  to  the  requirements  of  MIL-H-850IA. 


Figures  32  and  3^  show  that  the  military  specification  requirement 
brackets  the  "desirable"  boundary  for  gross  weights  of  2,000  to  10,000 
pounds,  but  specifies  too  little  control  power  for  the  heavier  gross  weights. 
The  Model  1108  has  been  designed  to  provide  control  power  approaching  the 
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"desirable"  boundary,  as  an  optimum,  rather  than  the  minimum  military 
specification  requirement. 

Figures  31  through  3^  show  the  Model  1108  to  meet  the  control  power 
objective,  with  the  spring  restraint  system  included  in  the  design.  The 
spring  restraint  also  has  a  significant  effect  on  the  damping.  Even  with¬ 
out  the  spring  restraint,  the  control  power  would  meet  the  MIL-H-85OIA 
requirement.  Pitch  and  roll  damping,  while  not  within  the  desirable 
boundary,  exceeds  the  MIL-H-85OIA  requirements.  Some  stability  augmentation 
should  be  added  to  achieve  preferable  damping. 


Boundary 


Descriptive  Pilot  Opinion 


Reference 


"Desirable”  -  "good  handling  qualities 
for  instrument  flight  operations" 

(5)  "Acceptable"  -  "acceptable  for  instru- 
ment  flight  operations" 

(c)  "Marginal"  -  "acceptable  for  visual 
flight  operations  only" 


NASA  TN  D-58, 
(Reference  8) 
(S-51  flight  test) 


Q  "Satisfactory  for  normal  operation" 
(Cooper  Rating  =  3-1/2) 


NASA  TN  D-792, 
(R  ference  9) 
(simulator  test) 


NASA  TN  D-1328 

(2)  — Same  as  above —  (Reference  10) 

(X-14A  flight  test) 


Figure  30*  Pilot  Opinion  Comparison,  Pitch  Axis. 
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Boundary 


Descriptive  Pilot  Opinion 


Reference 


"Desirable”  -  "good  handling  qualities 
for  instrument  flight  operations" 

"Acceptable"  -  "acceptable  for  instrument 
flight  operations" 

^c)  "Marginal"  -  "acceptable  for  visual 
flight  operations  only" 


NASA  TN  D-58 
(Reference  8) 
(S-51  flight  test) 


Roll 
damping, 
per  sec. 


Maximum  roll  control  power,  rad/sec2 


Figure  31*  Maximum  Control  Power,  Roll  Axis. 
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Boundary 


Descriptive  Pilot  Opinion 


Reference 


( A )  "Desirable"  -  "good  handling  qualities 
for  instrument  flight  operations" 

(g)  "Acceptable"  -  "acceptable  for  instrument 
flight  operations" 

©  "Marginal"  *  "acceptable  for  visual  flight 
operations  only" 


NASA  TN  D-58,  Ref.  8 
(S-51  flight  test) 


MIL-H-85OIA  Requirement 


Roll  control  pover  gradient, 
rad/sec2/in. 


Model  1108  Data 


Spring 

Gross 

Restraint 

Weight 

Load 

On  Off 

(lb.) 

•  O 

39,200 

None 

■  □ 

71,700 

Rigid 

♦  O 

71,700 

Sling 

Figure  32.  Control  Power  Gradient,  Roll  Axis. 
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Boundary 


Descriptive  Pilot  Opinion 


Reference 


(A)  "Desirable"  -  "good  handling  qualities  for 
instrument  flight  operations" 

(§)  "Acceptable"  -  "acceptable  for  instrument 
flight  operations" 

©  "Marginal"  -  "acceptable  for  visual  flight 
operations  only" 


NASA  TN  D-58 
(Reference  8) 
(S-51  flight  test) 


Maximum  pitch  control  power, 
rad/sec^ 


Model 

1108  Data 

Spring 

Gross 

Restraint 

Weight 

Load 

On  Off 

(1*0 

•  O 

39,200 

None 

■  □ 

71,700 

Rigid 

♦  0 

71,700 

Sling 

Figure '33.  Maximum  Control  Power,  Pitch  Axis. 
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Boundary _ Descriptive  Pilot  Opinion _ 

(A)  "Desirable'1  -  "good  handling  qualities  for 
instrument  flight  operations” 

(§)  "Acceptable"  -  "acceptable  for  instrument 
flight  operations" 

(C)  "Marginal"  -  "acceptable  for  visual  flight 
operations  only" 


Reference 


NASA  TN  D-58 
(Reference  8) 
(S-51  flight  test) 


Model  1108  Data: 


-3 


-2 

Pitch 
damping, 
per  sec. 

-1 


MIL- H- 85OI A  reqm't 


.0. 


.1 


.2 


.3 


Pitch  control  power  gradient, 
2 

rad/sec  /in. 


Spring 

Gross 

Restraint 

Weight 

Load 

On 

Off 

(lb.) 

• 

O 

39,200 

None 

■ 

□ 

71,700 

Rigid 

♦ 

O 

71,700 

Sling 

Figure  34.  Control  Power  Gradient,  Pitch  Axis. 


102 


REFERENCES 


1.  "fttrametric  Design  Study,"  Heavy- Lift  Tip  Turbojet  Rotor  System, 
Volume  II,  Hiller  Engineering  Report  No.  64-42,  U.  S.  Army 
Transportation  Research  Command,*  Fort  Eustie,  Virginia,  Oct  1965* 

2.  "Design  Layout  Studies,"  Heavy-Lift  Tip  Turbojet  Rotor  System, 
Volume  III,  Hiller  Engineering  Report  No.  64-43,  U.  S.  Anny 
Transportation  Research  Conmand,*  Fort  Eustis,  Virginia,  Oct  1965- 

3*  "Static  and  Dynamic  Loads,"  Heavy-Lift  Tip  Turbojet  Rotor  System, 
Volume  IV,  Hiller  Engineering  Report  No.  44,  U.  S.  Army 
Transportation  Reseaich  Conmand,  Fort  Eustis,  Virginia,  Oct  1965. 

4.  "Structural  Analysis,"  Heavy-Lift  Tip  Turbojet  Rotor  System, 

Volume  V,  Hiller  Engineering  Report  No.  64-45*  U.S.  Army 
Transportation  Research  Command,* Fort  Eustis,  Virginia,  Oct  1965* 

5.  "Dynamic  and  Aeroelastic  Studies,"  Heavy-Lift  Tip  Turbojet  Rotor 
System,  Volume  VI,  Hiller  Engineering  Report  No.  64-46,  U.  S.  Anny 
Transportation  Research  Command*  Fort  Eustis,  Virginia,  Oct  1965* 

6.  "Weight  and  Balance  Studies,"  Heavy-Lift  Tip  Turbojet  Rotor  System, 
Volume  VII,  Hiller  Engineering  Report  No.  64-47,  U.  si'  Army 
Transportation  Research  Command*  Fort  Eustis,  Virginia,  Oct  1965* 

7.  "Wind-Tunnel  Studies,"  Heavy-Lift  Tip  Turbojet  Rotor  System, 

Volume  VIII,  Hiller  Engineering  Report  No.  o4-48,  U.  S.  Army 
Transportation  Research  Command?  Fort  Eustis,  Virginia,  Oct  1965. 

8.  "Performance  Analysis,"  Heavy-Lift  Tip  Turbojet  Rotor  System, 

Volume  IX,  Hiller  Engineering  Report  No.  64-49,  U.  S.  Army 
Transportation  Research  Conmand,*  Fort  Eustis,  Virginia,  Oct  1965* 

9*  "Stability  and  Control,"  Heavy-Lift  Tip  Turbojet  Rotor  System, 
Volume  X,  Hillt-.:  Engineering  Report  No.  64-50,  U.  S.  Army 
Transportation  Research  Command,*  Fort  Eustis,  Virginia,  Oct  1965* 

10.  "Performance  Data  Report,"  Proposal  for  the  Light  Observation 
Helicopter  (Army),  Hiller  Engineering  Report  No.  60-92,  Hiller 
Aircraft  Company,  Inc.,  Palo  Alto,  California,  December  i960. 

11.  Schlichting,  Hermann,  "Boundary  Layer  Theory",  Pergamon  Press, 

New  York,  N.  Y.,  1955* 

12.  "Helicopter  Flying  and  Ground  Handling  Qualities;  General  Require¬ 
ments  for,"  Military  Specification  MIL-H-85OIA,  September  Jf  1961. 


♦Changed  to  U.  S.  Army  Aviation  Materiel  Laboratories  in  March  1965. 


103 


REFERENCES  (CONTINUED) 


13.  Required  Lateral  Handling  Qualities  for  Helicopters  in  Low-Speed 
Instrument  Flight.  TREC  Report  60-66,  Department  of  Aeronautical 
Engineering,  Princeton  University,  Report  No.  496,  U.  S.  Army 
Transportation  Research  Command,*  Fort  Eustis,  Virginia,  February 
1960. 

14.  Salmirs,  Seymour  and  Tapscott,  Robert  J.,  "The  Effects  of  Various 
Combinations  of  Damping  and  Control  Power  on  Helicopter  Handling 
Qualities  During  Both  Instrument  and  Visual  Flight,"  NASA  TN  D-58, 
October  1959. 

15.  Faye,  Alan  E.,  Jr.,  "Additional  Control  Requirements  for  Hovering 
Determined  Through  the  Use  of  a  Piloted  Flight  Simulator,"  NASA 
TN  D-792,  April  1961. 

16.  Rolls,  L.  Stewart,  and  Drinkwater,  Fred  J.,  III.  "A  Flight  Deter¬ 
mination  of  the  Attitude  Control  Power  and  Damping  Requirements 
for  a  Visual  Hovering  Task  in  the  Variable  Stability  and  Control 
X-14A  Research  Vehicle,"  NASA  TN  D-1328,  May  1962. 

17.  "Continental  Modtfl  357-1  Tip  Turbojet  Engine  -  Engine  Design," 
Heavy-Lift  Tip  Turbojet  Rotor  System,  Volume  XI,  CAE  Report  No. 
942,  U.  S.  Army  Transportation  Research  Command,*  Fort  Eustis, 
Virginia,  October  1965. 

18.  "Continental  Model  357-1  Tip  Turbojet  Engine  -  Fuel  Pump  and 
Control  System  Design,"  Heavy-Lift  Tip  Turbojet  Rotor  System, 
Volume  XII,  CAE  Report  No.  943,  U.  S.  Army  Transportation  Re¬ 
search  Command,*  Fort  Eustis,  Virginia,  October  1965. 

19.  "Continental  Model  357-1  Tip  Turbojet  Engine  -  Preliminary  Model 
Specification,"  Heavy-Lift  Tip  Turbojet  Rotor  System.  Volume  XIII, 
CAE  Model  Specification  No.  2253,  U.  S.  Array  Transportation  Re¬ 
search  Command,*  Fort  Eustis,  Virginia,  October  1965. 


♦Changed  to  U.  S.  Army  Aviation  Materiel  Laboratories  in  March  1965. 


104 


Unclassified 

Security  Classification 


DOCUMENT  CONTROL  DATA  -  R&D 


(Security  cioaaitication  of  titia.  body  o#  abstract  end  indaamg  annotation  mtuat  bo  on  t  a  rod  wh  on  tho  overall  roport  ia  c  laa  attic.) 


1.  ORIGINATING  ACTIVITY  (Coipotata  Author; 

Hiller  Aircraft  Company,  Inc. 

Palo  Alto,  California 

2#  REPORT  SECURITY  CLASSIFICATION 

Unclassified 

2  b  GROUP 

j.  report  TITLE 

Heavy-Lift  Tip  Turbojet  Rotor  System, 

(Summary  Report),  Volume  I 

4-  DESCRIPTIVE  NOTES  (Typo  ol  roport  and  indue  ivo  da  to  a) 

S'  AUTHORfS;  (Latt  nan,  a.  tint  nmma,  initial) 

C  REPORT  OATE 

October  1965 

lO  TOTAL  NO.  OF  RA6EV  76.  NO.  OF  REPS 

105  19 

9».  CONTRACT  OR  GRANT  NO. 

DA  44-  177-AMC-25(T) 

b.  PROJECT  NO. 

c  Task  1M121401D14412 

d. 

SA.  ORIGINATOR'S  REPORT  NUMICRfSj 

USAAVLABS  Technical  Report  64-68A 

S6.  OTHER  REPORT  NOfS)  (A  ny  other  numbora  that  may  bo  ooaidnod 
thia  roport) 

Hiller  Engineering  Report  No.  64-41 

10.  A  V  A  IL  ABILITY/LIMITATION  NOTICES 

Qualified  requesters  may  obtain  copies  of  this  report  from  DDC. 

This  report  has  been  furnished  to  the  Department  of  Commerce  for  sale  to  the 
public. 

11.  SUPPLEMENTARY  NOTES 

12.  SPONSORING  MILITARY  ACTIVITY 

US  Army  Aviation  Materiel  Laboratories 
Fort  Eustis,  Virginia 

ABSTRACT 


The  study  of  a  tip-turbojet-powered  rotor  system  for  a  heavy-lift  helicopter, 
which  is  presented  in  thirteen  volumes,  is  summarized  in  this  report.  Included 
under  this  general  subject  are  studies  on  parametric  design,  performance, 
structures  and  dynamics,  wind  tunnel,  preliminary  design,  weight  and  balance, 
stability,  and  power  plant. 


DD  1  JAN  ««  1473  Unclassified 


Security  Classification 


Unclassified 


Security  Classification 


Tip  Turbojet 
Rotor  System 


INSTRUCTIONS0 


I.  ORIGINATING  ACTIVITY:  Enter  the  name  and  addreaa 
of  the  contractor,  subcontractor,  grantee,  Department  of  De¬ 
fense  activity  or  other  organization  (corporate  author)  issuing 
the  report, 

2a.  REPORT  SECURITY  CLASSIFICATION:  Enter  the  over¬ 
all  aecurity  classification  of  the  report.  Indicate  whether 
“Restricted  Dats”  is  included.  Marking  is  to  be  in  accord¬ 
ance  with  appropriate  aecurity  regulations. 

2b.  GROUP:  Automatic  downgrading  is  specified  in  Den  Di¬ 
rective  5200. 10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  as  author¬ 
ized. 

3.  REPORT  TITLE:  Eager  the  complete  report  title  in  ail 
capital  letters.  Titles  In  all  esses  should  be  unclassified. 

If  a  meaningful  title  esnnot  be  selected  without  classifica¬ 
tion,  show  title  classification  in  all  capitals  in  parenthesis 
immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report,  e.g.,  interim,  progress,  summary,  annual,  or  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  is 
covered. 

5.  AUTHOR^.  Enter  the  name(s)  of  suthoKs)  as  shown  on 
or  in  the  report.  Enter  last  name,  first  name,  middle  Initial, 

If  military,  show  rsnk  and  brsnch  of  service.  The  nsme  of 
the  principal  author  is  sn  absolute  minimum  requirement. 

6.  REPORT  DATE:  Enter  the  dste  of  the  report  as  day, 
month,  yesr,  or  month,  year.  If  more  than  one  date  appears 
on  the  report,  use  dste  of  publicstion. 

7a.  TOTAL  NUMBER  OF  PAGES:  The  total  page  count 
should  follow  normal  paginstion  procedures,  i.e.,  enter  the 
number  of  pages  contsining  information. 

76.  NUMBER  OF  REFERENCES:  Enter  the  total  number  of 
references  cited  in  the  report. 

8a.  CONTRACT  OR  GRANT  NUMBER:  If  *>propriste,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
the  report  was  written. 

8b,  8c,  &  8d.  PROJECT  NUMBER:  Enter  the  appropriste 
military  department  Identification,  such  as  project  number, 
subproject  number,  system  nimbers,  task  number,  etc. 

9a.  ORIGINATOR'S  REPORT  NUMBER(S):  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  be  identified 
and  controlled  by  the  originsting  setivity.  This  number  must 
be  unique  to  this  report. 

9b.  OTHER  REPORT  NUMBER(S):  If  the  report  has  been 
assigned  sny  other  report  numbers  (either  by  the  originator 
or  by  the  tponaor),  also  enter  this  numberfa). 


10.  AVAILABILITY/LIM1TATJON  NOTICES:  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 
imposed  by  security  classification,  using  standard  atstementa 
such  as: 

(1)  "Qualified  requesters  may  obtsin  copies  of  this 
report  from  DDC” 

(2)  "Foreign  announcement  snd  dissemination  of  this 
report  by  DDC  ia  not  authorized." 

(3)  "U.  S.  Government  agencies  may  obtain  copies  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
users  shall  request  through 


(4)  "U.  S.  military  sgencies  may  obtsin  copies  of  this 

report  directly  from  DDC  Other  qualified  users 
ahall  request  through 


(5)  "AH  distribution  of  this  report  is  controlled.  Qual¬ 
ified  DDC  users  shall  request  through 


If  the  report  has  been  furnished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  indi¬ 
cate  this  fset  snd  enter  the  price,  If  known. 

IL  SUPPLEMENTARY  NOTES:  Use  for  additional  explana¬ 
tory  notes. 

12.  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  project  office  or  Isborstory  sponsoring  (pay¬ 
ing  for)  the  research  and  development  Include  address, 

13.  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  the  document  indicative  of  the  report,  even  though 
it  may  also  appear  elsewhere  in  the  body  of  the  technical  re¬ 
port.  If  additional  space  ia  required,  a  continuation  sheet 
shall  be  attached. 

It  is  highly  desirable  that  the  abstract  of  classified  re¬ 
ports  be  unclassified.  Each  paragraph  of  the  abstrset  shall 
end  with  an  indication  of  the  mii'tary  security  classificstion 
of  the  information  in  the  paragraph,  represented  as  (TS),  (S), 
(C),  or  (U). 

There  is  no  limitation  on  the  length  of  the  abstract.  How¬ 
ever,  the  suggested  length  is  from  150  to  225  worda- 

14.  KEY  WORDS:  Key  words  sre  technically  meaningful  terms 
or  short  phrases  that  characterize  a  report  snd  may  be  used  sa 
index  entries  for  cataloging  the  report.  Key  words  must  be 
selected  so  that  no  security  classification  is  required.  Iden- 
fiers,  such  as  equipment  model  designation,  trade  name,  mili¬ 
tary  project  code  name,  geographic  location,  may  be  used  ss 
key  words  but  will  be  followed  by  an  indication  of  technical 
context.  The  assignment  of  links,  rules,  snd  weights  ia 
optional 


Unclassified 


ecurity  Classification 


6494-63 


